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Introduction 



The electrical breakdown of gases has been studied in the laboratory since before 
the start of this century and it is sixty years since Sir J . S. Townsend wrote his 
monograph The Jlieory of Ionization of Gases by Collision. In that time the 
subject has been widely studied and a great deal of progress has been made in 
understanding many aspects of the problem. To select approximately twenty 
papers from the vast number that have been published in the past seventy-five years 
is a rather forbidding task, not simply because of the large number of papers avail- 
able but also because the advances in knowledge that have been made have often 
come as the result of a number of good papers from various authors rather than from 
3 single brilliant piece of work. Such a form of progress is very understandable in a 
subject as complex and diverse as the electrical breakdown of gases and it is often 
difficult therefore to determine which particular investigator first suggested the 
correct explanation of a particular phenomenon. The present selection is therefore 
a very personal selection and it is certain that others would have selected an entirely 
different set. The selection is intended primarily for final-year undergraduate 
students or first-year postgraduate students (and their teachers) as an introduction 
to the subject. Other research workers may be interested in re-reading the papers 
for pleasure. 

Since the experimental facts and theoretical explanations on a particular topic 
are often better documented and more clearly expressed in an author's second or 
third paper on the subject I have not tried to always use the first paper every time. 
For example, paper 3 was not the first by Professor Raether on cloud chamber 
studies of avalanches but it is a good early paper nevertheless and will I trust give 
the reader an appreciation of the work described. In two cases I have gone further 
and have selected a review paper on a particular topic. For example, Professor 
Haydon's paper Spark Channels is a survey of a great deal of work by many authors 
and its inclusion might perhaps be criticised by some on these grounds. 1 make no 
apology for selecting it, however, since it is an excellent paper of its type and gives 
a more balanced view of the subject than could have been obtained by selecting one 
of the original papers cited in it. 

The papers included in the first half of the book deal with electrical breakdown 
in uniform electric fields and in particular with the pre-breakdown processes leading 
up to breakdown. This is, of course, the simplest situation to study but is neverthe- 
less a difficult problem that is still producing material for discussion. The classic 
experiment, still in use, is the so-called 'Townsend growth of current' experiment, 
described here in detail in paper 6. The experiment revealed the now famous 
equation 



/ = *> 
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l-(w/a){exp (£«/)-!} 



for the spatial growth of current in a uniform discharge gap and confirmed 
Townsend's view that the basic parameter in these circumstances is the ratio E/p 
of the electric field strength to the gas pressure. It is difficult to realise now how 
significant the recognition of the latter fact was in the early work. 

The Townsend theory of the breakdown process has not always been fully 
accepted for all conditions, e.g. appreciable overvoltages, and indeed is still 
questioned by many authors today. Some of the early objections are outlined in 
papers 2 to 5 and led to the alternative theories described by Professor Raether in 
paper 4 and by Professor Meek in paper 5. Paper 4 is not the first describing 
Raether's 'kanal theory' but does summarise clearly his early ideas. The theory 
described in paper 5 was arrived at independently of that described by Raether and 
grew out of qualitative proposals made by Professor Loeb and his co-workers as a 
result of their studies of breakdown in non-uniform electric fields. The two theories 
are very similar and are now referred to, loosely, as the 'streamer theory of break- 
down'. In the last twenty years the question 'Townsend theory or streamer theory?' 
has inspired a considerable amount of both experimental and theoretical work and 
has produced a great deal of new information about the basic ionisation processes 
involved in the breakdown mechanism. Papers 6 and 7 are examples of the efforts 
made in the early 1950's to determine whether there is a stage in the development of 
a pre-breakdown current where the steamer process takes over from the Townsend 
amplification process. There has not been space here to give one or more of the 
recent papers on studies of single and multiple avalanches in gases written by Raether 
and his colleagues in which the earlier cloud chamber studies described in paper 3 
have been greatly extended by elegant oscillographic and image converter techniques. 
However, these methods and the results obtained have been summarised in Raether's 
book Electron Avalanches and Breakdown in Gases and should certainly be carefully 
studied. The papers (referred to elsewhere), by Professor Llewellyn Jones and his 
colleagues and more recently those by Professor Bruce's group and that of Professor 
Dutton and Professor C. Grey Morgan, should also be consulted as contributing 
greatly to the continuing effort. The papers on this topic have been studies of either 
the spatial growth to breakdown of small ionisation currents or of the temporal 
growth of a pre-breakdown discharge and in connection with the studies of 
temporal growth the papers by the late Professor P. M. Davidson (papers 8, 9 and 
10) should be carefully examined. The papers are concise and make a contribution 
far greater than that suggested by their length. As indicated on page 83 the 
interested experimentalist will probably benefit from reading the explanatory 
sections of Grey Morgan's book Fundamentals of Electrical Discharges in Gases in 
conjunction with Davidson's papers. 

Studies of breakdown in uniform electric fields would not be complete without 
studies of electro-negative gases, such as oxygen, and gas mixtures such as air, and 
papers 1 1, 12 and 13 illustrate the major influence electron attachment can have 
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on the breakdown processes. Rather surprisingly it was 1953 before attachment 
was seriously allowed for in growth of current experiments. In more recent years 
Professor Frommhold, Dr. Schlumbohm, Professor Craggs and his colleagues, and 
others, have found it also necessary to allow for the reverse process of electron 
detachment in the analysis of their data. A considerable amount of important work 
on the breakdown of strongly attaching gases has also been carried out in the last 
fifteen years (see paper 1 3). 

In the second half of the book, papers dealing with electrical breakdown in 
rather more specialised conditions have been considered together with papers on 
the development of the later stages of the breakdown process in which the current 
densities may be becoming high. The three papers 14, 15 and 16 describe the 
experimental features of spark channels as they develop from the time of initial 
breakdown, through a low current channel, to one of higher current and attempt to 
describe the build-up theoretically. The experimental techniques involved are fairly 
sophisticated and more information can be expected to be forthcoming in the next 
few years as further refinements are made. No attempt has been made to give 
papers dealing specifically with glow and arc discharges since these discharge forms 
are rather outside the scope of the present selection. However, their development 
must be seen as part of the overall development of the breakdown process (see for 
example the paper by Meyer and Cavanor, cited by Haydon in paper 14, which 
studied the glow-to-arc transition). 

The special forms or conditions of breakdown included here are breakdown at 
low values of the product pd (pressure x gap distance), corona breakdown, break- 
down in long discharge gaps of non-uniform fields, lightning discharges, and laser- 
induced breakdown. This does not, of course, cover all the available possibilities. 
For example, papers on breakdown at high pressures have not been selected, 
neither have any papers on so-called vacuum breakdown. The paper on breakdown 
at low values of (pd) is the earliest of the fairly limited number published. It was 
established by Paschen nearly eighty years ago that the graph of breakdown 
potential V s as a function of the product of the gas pressure and gap length 
possesses a minimum value, (K*)min> at a particular value, (pd s ) min , of the 
independent variable. Since that time most studies of breakdown have been 
carried out at values of pd greater than (pd) min .lhs range of values of (pd) less 
than (pd) mm is of considerable interest, however, particularly in view of the rapid 
changes in V, produced for very small percentage changes in (pd). The theoretical 
study of breakdown at low (pd) requires some compromise between Townsend 
theory and some suitable extension of that based on the physics of single collisions 
and is not well developed. 

The paper on corona breakdown is the second case where a review paper has 
been selected. There is such a wealth of published experimental data that to select 
any single paper is impossible. The interested reader is strongly advised to refer to 
the comprehensive summary given by Professor Loeb in Electrical coronas for a 
thorough introduction to the field and to the relevant chapters of Professor Nasser's 
recent book Fundamentals of Gaseous Ionization and Plasma Electronics. The 
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subject of corona breakdown is, of course, closely linked to that of breakdown in 
the non-uniform field geometries of long gaps such as those described in the paper 
by Stekolnikov and Shkilyov which in turn is closely linked to papers 21 , 22 and 23 
on studies of lightning discharges. 

The final two papers (24 and 25) are among the earliest published on gaseous 
electrical breakdown induced through the action of high-power laser radiation. This 
is a rapidly developing field of study in spite of the experimental and theoretical 
difficulties involved. The breakdown mechanisms involved are closely related to 
those which operate in so-called micro-wave discharges. Laser beams are increasingly 
utilised in constructing triggered spark-gaps and the devices have been shown to be 
capable of high-speed operation with the minimum of delay and jitter. 

J. A. REES 



Introduction to Paper 1 (Townsend, The 
theory of ionization of gases by collision') 

It is appropriate to begin a selection of papers on the electrical breakdown of gases 
with brief extracts from a book by J. S. Townsend, since it was Townsend. assisted 
by his students, who carried out a large proportion of the early investigations into 
the phenomena accompanying the electrical breakdown of gases, and developed the 
theory of the breakdown process which bears his name. The extracts given here 
summarise some of the pioneering experiments carried out by Townsend, emphasise 
the importance of the parameter E/p, and introduce the parameter a which 
became known as 'the Townsend ionisation coefficient' or 'the Townsend primary 

coefficient'. 

In attempting to explain why at large values of/ the electron current in a 
parallel-plate discharge gap increased faster than that predicted by the simple 
exponential law n = n Q exp (a/), Townsend considered the ionisation produced in 
the gas by positive ions. The equation derived was 



«n(o-fl)exp{(«-fi)/ } 
" a-0exp{(a-0)/} 

It is now known that ionisation by positive ions is inadequate to account for 
observed data. However, an equation of similar form, viz. 



n = 



"o ex P (°0 



(1) 



(2) 



l-(w/tt){exp(aO-l} 

can be derived where the coefficient w is the so-called 'generalised secondary 
ionisation coefficient'. (To see that the two equations are analytically of the same 
form, substitute (a - 0) = a and = co in eq. 1). co includes the (3 process con- 
sidered by Townsend but also other processes such as the action of positive ions, 
photons and metastable atoms at the cathode. Different secondary processes may 
dominate under different experimental conditions. Full details are given in the 
references. 

A breakdown criterion corresponding to that given by Townsend 
(a - (3 exp {(a - (3)/} = 0) can be deduced and is 1 - (a/a) {exp (od) - 1} = 0. 

Further Reading 

Llewellyn Jones, F., Ionization and Breakdown in Gases, Methuen, London, (1966), 

pp. 46-61. 
Morgan, C. Grey , Handbook of Vacuum Physics, Beck, A. H. W. ed., Volume 2, 

Part 1,(1965), pp. 66-9. 
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Extracts from The theory of ionization 
of gases by collision 

J. S. TOWNSEND* 



Ionization by negative ionst 

Variation of current with electric force 

The process of ionization by collision between ions and molecules of a gas may be 
examined by investigating the currents between parallel plate electrodes when ultra- 
violet light falls on the negative electrode or when the gas is ionized by Rontgen 
rays. If the gas is at a high pressure, the current increases with the electric force and 
attains a maximum value, which is not exceeded unless very large forces are used. 
It is possible, however, by reducing the pressure of the gas, to make the ions travel 
with sufficient velocity to generate others by collisions with molecules, even when 
the potential differences employed are small, and thus with a few hundred volts to 
obtain large increases in the current. 1 The curve, Figure 1, showing the connection 
between the current and electric force in a gas at low pressure, may be taken as 
illustrating this effect. 




Electric force 



Figure 1. 



' Reproduced from The Tlieory of Ionization of Gases by Collision by J. S Townsend 
Constable & Co. Ltd., London, (1910) by the permission of the publisher. 
f Editor's note: The "negative ions' referred to in this paper arc elcclroi 
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In the first stage, AB, the current between the plates increases with the electro- 
motive force. The rate of increase diminishes as the force increases, and the current 
tends to attain a maximum value. 

In the second stage, BC, the current remains practically constant and shows only 
small variations for large changes in the force. If the ions are produced by the action 
of Rontgen rays or Becquerel rays, the constant value is attained when the force is 
sufficiently great to collect all the positive and negative ions on the electrodes, but 
before this value is reached an appreciable number of the ions is lost by recombination. 
Again, the ions may be produced by the action of ultra-violet light on the negative 
electrode. In this case, if the force is too small, some of the ions do not reach the 
positive electrode, but diffuse through the gas to the negative electrode. 

In the third stage, CD, when the force is still further increased, there is a large 
increase in the conductivity. This can be explained on the hypothesis that new ions 
are generated by collisions, at first practically by negative ions alone, but as the force 
increases and the sparking potential is approached, the positive ions also acquire the 
property of producing others to an appreciable extent. 

Variation of current with distance between the electrodes when the force is constant 

In the earber experiments which were made to test the theory the initial 
ionization was produced by the action of Rontgen rays. The simplest conditions, how- 
ever, are realized when the initial ionization consists of negative ions set free from a 
metal surface by a beam of ultra-violet light. 

When the light falls on a metal plate a number n of negative ions are set free 
which can be made to travel various distances through a gas under any required 
force to a parallel plate positively charged. If no new ions are produced by collisions 
the number reaching the positive plate will be n , and the current will be independent 
of the distance between the plates. If, however, the ions produce others by collisions 
with the molecules of the gas between the plates, the number reaching the positive 
plate will increase and will depend on the distance between the plates. In fact, if 
each negative ion set free from the metal plate produces a new negative ions in 
going through a centimetre of the gas, and if the new ions produced in the gas have 
exactly the same property of generating others by collisions, then the number that 
arrive at the positive plate will be n exp (a/) where / is the distance between the 
plates. For let n be number of ions produced in a layer of thickness, x, measured 
from the negative electrode, the number n including the original n ions. In passing 
through a path of length dx these ions produce nctdx new ions by collisions, so that 
dn = nadx. This equation on integration gives log n = ax + constant, or 
n = n exp (oar) since n is the value of n corresponding to x = 0. 

The quantity a depends only on the electric force and pressure of the gas, and if 
these are constant the charges n t , /i 2 , etc., acquired by the positive plate for 
different distances l t , / 2 , etc., between the plates will be 

n, =n exp(a/,);n 2 = n exp (a/ 2 );etc. 

Hence for equal increments of the distance the ratios of the successive charges will 
be the same, viz. 

"i " 2 



The conditions specified above are easily realized in practice, and experiments 
show that this simple exponential law for the increase of the current with the 
distance / is accurately true for small distances between the plates; for larger 
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distances the conductivity rises more rapidly owing, as will be explained later, to 
the effect of positive ions. 



Representation of the values of a by a single curve 

In order to examine the values of o for different forces and pressures, it is 
convenient to present the experimental results in a special way by means of a curve 
for each gas. The method leads to great simplification as the value of a correspond- 
ing to any force and pressure may be obtained immediately from the curve. If a be 
determined for a force E and pressure p, and the points whose co-ordinates are a/p 
and E/p be marked on a diagram, it will be found that they all lie on the same curve, 
or if the experiments be examined it will be noticed that if a' corresponds to a force 
f' and a pressure p', then at a pressure zp' ', the value of a will bezu' when the force 
is zl ■:', z being any multiplier. 

In the later experiments the pressures were chosen so as to show this by 
inspection. 2 Thus, with air at a pressure of 1 millimetre and a force of 350 volts per 
centimetre, a = 5-25; at 2 millimetres pressure and with a force of 700 volts per 
centimetre, a = 10-5. Another example may be taken from the experiments with 
hydrogen: 

p = 8mm,E= 1050 V/cm,a= 14-8 
p = 4mm,£' = 525V/cm,a= 7-4 
p=2mm.£' = 262V/cm,a= 3-7 

The results of all the experiments for any one gas can therefore be recorded by 
a table of values of a/p and E/p or by means of a curve-' representing one of these 
ratios as a function of the other, a/p = f(E/p). 

Agreement between the experimental results and the equation a/p = f(E'/p) 

It is easy to see that the theory requires that this relation should exist between 
the variables a. E, and p. 
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In passing through a centimetre in a gas an ion traverses free paths of various 
lengths between the collisions. The chance of producing a new ion by collision will 
depend on the velocity at impact, and this is determined by the force E and the 
length of the path which is terminated by the collision. The lengths of the free 
paths are inversely proportional to the pressure, so that if the pressure is increased 
from p to zp all the free paths will be reduced to l/z of their original value. If the 
force E remained unaltered, the velocities on collision would be reduced, but if the 
force is increased to zE the velocities will be restored to their original values and 
ihe number of ions arising from a given number of collisions will be the same as 
before. Since the total number of collisions per centimetre is increased in the same 
ratio as the pressure, the value of a will be increased to za, when E and p become zE 
and zp respectively. Hence, the three variables must be connected by an equation of 
the form a/p =f(E/p). The experiments confirm this result very accurately for all 
the gases and so afford an important verification of the theory. 

The curves representing the values of a/p corresponding to some of the larger 
values of E/p are given in Figure 6. 



e/p 



Figure 6. E in volts per centimetre, p in millimetres of mercury. 



Ionization by positive ions 

Conductivity between parallel plates when positive and negative ions generate others 
by collisions 

The effects produced by the motion of positive ions may be deduced from 
determinations of the currents that pass between parallel plates while ultra-violet 
light is falling on the negative electrode, if the forces and the distances between the 
plates are sufficiently large. 

It has already been shown that when E/p and / are small, and / is varied whilst E 
and p are kept constant, the number of negative ions reaching the positive electrode 
is n exp (a/), where a is a constant depending on E and p. For large values of E/p 
and / the number of negative ions reaching the positive electrode is greater than 
n exp (a/), showing that some other form of ionization has come into play. This 
stage is attained even when the potential between the plates is much less .than that 
required to produce a spark. It will be seen from the following investigations that 
all the features of the new process of ionization can be explained on the supposition 
that it arises from the action of the positive ions. 

Further, it is obvious that if both positive and negative ions produce others in 
sufficient numbers, a current would be obtained which would last after the supply 
from the negative electrode was cut off, and a continuous discharge would ensue. 
The investigations show how the potential required to produce a continuous dis- 
charge may be found on the assumption that the whole ionization is produced by 
collisions of positive and negative ions in a gas, and, as will be seen, there is a very 
accurate agreement over a large range of pressures between the potentials thus 
calculated and the sparking potentials determined experimentally. 

In making an investigation of the currents which would be produced between 
Parallel plates when both positive and negative ions generate others by collisions, 
the results of the experiments may be anticipated, and it may be assumed that the 
Positive and negative ions produced by the impact of a positive ion with a neutral 
molecule are identical with the positive and negative ions produced by the impact 
01 a negative ion. In applying the theory, therefore, it is necessary only to consider 
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one kind of positive ion and one kind of negative ion in each gas, but the positive 
ions, unlike the negative ions, are most probably different in different gases. 

If a number n of negative ions start from the negative plate and move through 
a distance / from the positive plate they will generate others in the gas, and a number 
w exp (al) will reach the positive electrode. Thusn {exp (al) - 1} positive ions 
are produced in the gas and move in the opposite direction. When these also ionize 
the gas the total number n of negative ions that reach the positive electrode exceeds 
n exp (al). 

Of the number n - n of each kind generated in the gas, let r be produced in the 
layer of gas between the negative plate and a parallel plane at a distance x, and let r' 
be produced in the layer between this plane and the positive electrode 

Then n = n + r + r 

Let a be the number of ions produced by a negative ion in moving through one 
centimetre of the gas. 

Let be the corresponding number for a positive ion. 



It will be noticed that when the distance between the plates / has a certain value 
5 given by the equation 



a - exp {(a - 0)S} = 0, or S = 



log 



'"" \fi 

the denominator of the fraction in the expression for n becomes zero, so that n 
becomes infinite. This shows that a current would continue to flow indefinitely 
after the supply of the negative ions n from the surface of the negative electrode 
ceases. The importance of this conclusion in connection with sparking potentials 
will be considered later. 

For distances between the plates shorter than S the denominator of the fraction 
expressing n is positive, and the current becomes zero after the light ceases to act 
on the electrode. The values of n are then finite, but greater than the number of 
ions «q exp (cd) which would reach the positive electrode if the negative ions alone 
produced others by collisions. 



JL 



The number of ions dr generated between the two planes at distances x and 
x t dx is given by the expression dr = a(n + r)dx + pr'dx, since the number of 
negative ions travelling through the length dx is n + r, and these produce 
a(n + r)dx, and the number of positive ions passing through the same element of 
length dx is r\ and they produce fir'dx. Substituting n - n - r for r' the equation 
for r becomes 

dr 



— = (a 0)(n o +r)+0 n , 



which on integration gives 

n +r = 



<*-0 



+ cexp{(a-p>}. 



The constant c is determined by the condition r = when x = 0. 
Hence the value of r is given by the equation 

071 



n n +r = 



o-U 



(~&) 



exp{(Q - 0)*,} 



and the value of n in terms of the other constants is obtained by substituting for r 
its value n - n when x = I, I being the distance between the plates. Thus 

(a - 0) exp {(a - 0)/} 



n = n 



a - exp {(a - 0)/} 



This gives the number of negative ions n arriving at the positive electrode when n 
negative ions start from the negative electrode, and both positive and negative ions 
generate others by collisions with molecules of the gas. 



Condition for sparking in a uniform electric field 

The sparking potential between parallel plate electrodes can be deduced 
immediately from the formula 

(a 0)exp{(a-0)/} 
" "° a-0exp{(a- 0)/} ' 

which represents the number of ions n reaching the positive electrode when n 
negative ions are started by ultra-violet light from the negative electrode. The 
quantity n increases as the distance / between the plates increases, the force E being 
maintained at a constant value, and when exp (a - 0)/ becomes equal to a the 
denominator of the above fraction vanishes, and n becomes intinite. A current will 
therefore continue to flow for an indefinite time after the light ceases to act when 
the distance between the plates attains the value S given by the equation 

a - exp {(a - 0)5} = 0. 

Thus the sparking potential SE is known for the particular distance S and pressure 
p of the gas. 

References 

1 . Townsend, J. S., Nature, 62, 340, (1900). 

2. Many examples may be found in the researches published in Philosophical 
Magazine, November 1903, and December 1904. 

3. This result was first obtained from the experiments with Rontgen rays, see 
Philosophical Magazine, February 1 90 1 . 



Introduction to Paper 2 (Rogowski, 
'Impulse potential and breakdown in 
gases') 



The paper from which this extract is taken is typical of a number by Rogowski and 
others, in which oscillographic techniques were used to examine the current flowing 
in discharge gaps after the application of voltages greater than or equal to the 
breakdown voltage. The experiments were in fact among the earliest investigations 
of 'time lags', i.e. of the time that elapses between the application of a voltage 
greater than the breakdown voltage and the time at which breakdown may be said 
to have occurred. 

The general conclusion from the work of Rogowski and others was that the 
Townsend theory, as outlined in paper 1 , was unable to account for the short time 
lags observed, the rapid rate of rise of the current in the discharge, or the large 
currents that were seen to accompany breakdown. This was particularly the case 
when the secondary ionisation was assumed to be due to ionisation of the gas by 
positive ions, since the time lags were orders of magnitude shorter than the time 
taken by positive ions to cross the discharge gap. 

Later experimental studies of time lags have, of course, made use of considerably 
more sophisticated techniques. Some of these later results and conclusions are 
described in papers 7, 8, 9 and 10. 
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Extract from Impulse potential and 
breakdown in gases 



w. ROGOWSKI* 



Previous results 

In an earlier paper' 1 was able to show that the well-known Townsend theory of 
spark discharges, which has hitherto been taken as generally valid, runs into great 
difficulties when it is applied to the results of tests on the breakdown of air under 
impulse potentials. For instance, Townsend assumes that, when the potential is 
high enough, both an electron avalanche and a positive-ion avalanche will appear 
in the gas. These move in opposite directions and contribute to each other's 
amplification. If these processes are not interrupted, large currents flow and finally 
breakdown occurs. The order of magnitude of the velocity of both types of 
avalanche can be estimated. We may assume the air to be at atmospheric pressure 
and to have a breakdown field strength of about 30 000 V/cm (spark length 1 cm). 
As I showed earlier, the electron avalanche has a velocity of about 10 7 -10 8 cm/s, 
and the positive-ion avalanche a velocity of about 10 s cm/s. If we use these values, 
it follows that we shall only get significant currents when the ordinary static break- 
down potential can act on the spark gap for well over 10~ s s. Hence to get break- 
down, we would expect to obtain higher values for the spark current from about 
lO" 4 s onwards. However, all earlier experiments showed that this increase actually 
begins at about 10" 6 s, and perhaps even at 10* 7 s. In fact, breakdown takes place 
10~ 2 or 10~ 3 s earlier than would be predicted by the Townsend theory. Herein 
lies the difficulty. Either the calculation of the avalanche velocities,* the experiments, 
or the principles of the Townsend theory must be at fault. 



hydrogen ions in helium. Of course he did obtain the usual value for helium ions 
in helium. Nothing seems to be known about the behaviour of oxygen or nitrogen 
ions. In spite of this, our values for the velocity as given above can be looked on as 
s tiU valid order of magnitude values. This means that it only increases with the root 
of the mean free path. 1 If we want to explain the extreme suddenness of breakdown 
jn terms of the Townsend theory, we have to multiply the positive-ion velocities 
by 100, or even 1 000, getting path lengths which are 10 to 10 times higher than 
usual. At this stage it is difficult to assume that they can reach such a value. Finally, 
as will be seen a little later from the spark oscillograms, we have to explain not 
only the high velocities but also the sudden appearance of strong currents. These 
are however, associated with multiple ionization and loss of energy and retardation 

of the ions.* 

The velocity given earlier for the electron avalanche of about 10"-10 8 cm/s 
involves no particular difficulties for the theory. Experiments by Ramsauer and 
Bruche have given us detailed information on the features of the free paths of 
electrons. The measured values for the free path lengths for cold electrons in 
nitrogen are about half those for gas-kinetic electrons. No particular difference 
was found for oxygen: thus the velocity of the electron avalanche seems to have 
been over-estimated rather than under-estimated. 

Reliability of the experiments 

As I pointed out earlier, the weakness of the earlier experiments used to test the 
theory was that the instantaneous voltage at the spark gap was not measured but 
calculated. At that time, I proposed measurements with the cathode-ray oscillo- 
scope. They are described in papers by myself 2 and by my co-workers Flegler and 
Tamm. 3 Our photographs not only confirmed the discrepancy between theory and 
experiment, but intensified it. Our results can be summed up as follows; if the 
static breakdown voltage is suddenly applied to an (irradiated) spark gap. breakdown 
will follow fairly regularly after 10~ 7 s. If the breakdown voltage is raised by only 
30%, the spark time lag shrinks from 10" 7 to about I0~ 8 s (.see Figures 1 and 2). 
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Reliability of the velocities 

The point which really brings the uncertainties to light is the low velocity of the 
positive ions, about 10 s cm/s at 30 000 V/cm. Its calculation is based on having a 
single species of ion and the ordinary value for the mean free path. However recent 
measurements by Dempster have revealed the possibility that these ions can also 
attain greater mean free paths. He has obtained nine times the usual value for 

• Reproduced from Archiv. fiir F.lektrotechnik 20. 99. (1928) by permission of Springer- Verlag. 
Berlin. 

t Other people besides myself have questioned the accuracy of the Townsend theory. See 
Schumann, Z, Tech. Phys. 620, (1926); Seeliger, Gasentladungen, Ambr. Barth, Leipzig 170, 
(1927); Holm.Arch. Elektrotech. 18, 80, (1927). 
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Figure J. Breakdown of a gap between parallel plates on 
application of a static breakdown voltage. 



* It will be noted from the oscillograms of Figure I and Figure 2 that at a 30% overvollagc 
ihe spark time lag is reduced from about 4 x 10"' to about 10"" s. Since the velocity of the 
avalanche increases in proportion to the square root of field strength, the velocity is reduced 
by about 10*. 
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Figure 2. Breakdown of a gap between parallel plates on 
application of an ovcrvoltage. 



Conclusion 

We can now say with absolute certainty that the experimental results have been 
confirmed and that the values used for the velocities in the comparison are accurate 
enough for the purpose. Thus the inescapable conclusion is that, though the 
Townsend theory cannot be entirely brushed aside, it does contain elements that 
are in contradiction to the facts. The idea of two avalanches moving in opposite 
directions through the entire discharge space cannot be considered to be accurate 
today. 
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Introduction to Paper 3 (Raether, The 
development of the electron avalanche in 
a spark channel (from observations 
in a cloud chamber')) 

This paper is one of the early ones in a series on the important studies carried out 
by Raether and his co-workers using a cloud chamber as a technique for studying 
electrical discharges. As described in die paper, the technique enabled the 
observation of the development in space and time of a low current pre-breakdown 
electron avalanche whose initial spatial growth was described by the Townsend 
equation n = n exp (ax) into a high current spark. The particular paper given here 
set out to establish whether the track of an avalanche initiated by a single electron 
from the cathode represents the track of the spark ultimately produced and if so 
in what way the transition occurs. The investigation used impulse discharges through- 
out rather than static d.c. discharges, the impulse voltages used being 10 to 20% 
greater than the static breakdown potential, but the results were generalised to apply 
also to the static case. 

Raether interprets the results of the experiment as showing that at a critical 
amplification (ax « 20, where a = ionisation coefficient and x = avalanche length) 
the electron avalanche becomes unstable and a spark track starts developing towards 
the anode, at a high velocity «= 8 x 10 7 cm/s. from the head of the avalanche. A 
little later a track starts developing towards the cathode also. The high speed of the 
development of the tracks is attributed to the high space-charge fields at the tips of 
tracks along with the production of gas-ionising radiation. If the cathode-directed 
track, or 'kanal', reaches the cathode, a narrow track bridges the two electrodes; 
this is faintly luminous at first but the current increases rapidly and the light output 
reaches that of a 'spark'. 

The results of this and similar papers appeared to be difficult to explain on the 
basis of the ideas set out by Townsend and others in papers such as paper 1 and 
were one reason for the attempts made by Raether, Loeb, Meek and others to 
formulate alternative mechanisms for the development of spark breakdown. The 
following papers 4 and 5 describe these alternative mechanisms. 

Further Reading 

Raether, H., Electron Avalanches and Breakdown in Gases Butterworths, London 
(1964) particularly sections 2.1 and 5.2.1. 
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Extracts from The development of the 
electron avalanche in a spark channel 
(from observations in a cloud chamber) 



H. RAETHER* 



Aim of the research 

The aim of the present research is to investigate in more detail the development of 
the electron avalanche, which has so far been studied within the region of 
exponential amplification.' This is linked to the question of whether the avalanche 
track of the one electron represents the future spark track, and if so in what way 
the transition from the normal avalanche to the spark track takes place. 

Introduction 

The use of the cloud chamber makes it possible to study the initial processes of 
collisional ionization, which take the form of an 'electron avalanche'. The develop- 
ment of the avalanche in time and space can be followed and explained in almost 
quantitative terms from the movement of the electrons. 

Townsend lias established from studies of the current-distance characteristics 
under static conditions that, at high amplifications, i.e. large values of exp (oar), 
new processes become apparent as well as collisional ionization, giving rise to a 
greater increase in current than exp (oar). These processes can be: collisional 
ionization by the positive ions; release of electrons from the cathode by positive 
ions or ultraviolet-light quanta; photo-ionization by radiation that ionizes the gas; 
or space-charge effects. If the value of exp (ad) is great enough, either because a 
suitable value has been chosen for the distance d between the electrodes or because 
a is enlarged by the use of a high field strength, these processes in the discharge 
region can produce so many electrons that the discharge itself is maintained by 
these 'secondary electrons', or can be converted into a high-current discharge such 
as a spark. 

Now we did not examine any static discharges in the cloud chamber, but only 
those due to impulse voltages. We know however that these voltage impulses not 
only produce 'electron avalanches' but can also develop them to the point of a 
'spark' (impulse breakdown). In any event the voltage must be higher than the 
static breakdown voltage (overvoltage) to produce a spark if the duration of the 
impulse voltage is shorter than the time of flight of an ion from anode to cathode. 

* Reproduced from Zeitsdirift fur Physik, 1 1 2, 464, ( 1 939) by permission of Springer- Verlae, 
Heidelberg. 



Because of the non-static conditions, we come up against the same question again: 
which of the processes mentioned earlier leads with increasing exp (ad) to the 
development of the normal electron avalanche into the spark channel, and in whai 
way does the transition take place? 

To answer this question with the aid of the cloud chamber, we follow the 
appearance of an individual electron avalanche as the amplification increases. How- 
ever, present-day theoretical treatments of the problem of breakdown usually take 
the view that a spark can only be produced by the interaction of several avalanches, 
and that the space charge of the first avalanche can alter the ionization conditions 
for the subsequent avalanches. If this were indeed the case there would be no point 
in trying to make observations in the cloud chamber, since a sequence of avalanches 
in the discharge zone would make it impossible to follow what was happening. 
However, as the following experiments have shown, even at a considerable over- 
voltage the spark track can develop from a single electron avalanche, so that we can 
answer our previous question by following the development of one avalanche at 
increasing collisional amplifications. 

There are two possible ways of doing this: the collisional amplification can be 
increased by: 

(a) using a greater field strength (larger a), with a constant collision time, i.e. a 
fixed avalanche length; 

(b) prolonging the collision time (greater x) with a constant field strength, i.e. 
fixed a. 

Both methods will be described here. The experimental method was the same as 
that used in reference 1. It consisted of a pulse unit that produced approximately 
rectangular voltage pulses of up to 3 x 1 0~ 7 s duration. The space of 3-6 cm between 
two plane electrodes, to which the impulse voltage was applied, was used as a cloud 
chamber so that the ionization processes taking place in the space between the 
electrodes could be followed. The avalanches were initiated by photoelectrons, 
which were released from the cathode once the voltage applied to the cloud-chamber 
electrodes had reached its highest value. This eliminated the scatter brought about 
by waiting for electrons. For more details, see reference 1 , page 93. 

Part A: Results 

I - Observations made with normal expansion conditions in the cloud chamber 

(air at 273 torr, 20°C) 

(a) Development of the electron avalanche when voltage is increased and pulse 
duration is held constant 

If the voltage to the electrodes is raised and the pulse duration is kept constant, 
it is observed that: at 11-4 kV/cm a normal electron avalanche about 1-9 cm in 
length develops, more or less in the manner shown by the arrows in Figure 1(b), 
(see also the diagrams in reference 1). At 12 kV/cm there is a sudden vigorous 
expansion of the head of the avalanche, whilst the foot retains its shape (already 
described in Verh. d. Phys. Ges. 18, 54, (1937)). The appearance of the avalanche 
in this stage is shown by Figures 1(a) and 1(b). At about 12-3 k V/cm the avalanche 
has developed into a wide track (see Figure 1(c)). 

When viewed in the dark at about 12 kV/cm the head of the avalanche is seen 
to emit a very weak diffuse light; at about 12-3 kV/cm a thin thread of light is seen 
from electrode to electrode. A further slight increase in voltage up to 12-6 kV/cm 
ca uses this thread of light to be intensified rapidly to an intense blue track. It is 
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a ', f b c 

Figure 1. Development of an electron avalanche indicated by 
the arrows in b, in a continuous channel (with normal 
expansion ratio in the chamber). In the sequence a, b and c 
cither the voltage is raised and the pulse time kept constant, or 
vice versa, b represents a more advanced stage than a, as 
revealed by the appearance of a track developing towards the 
anode, e shows complete development into a side-to-sidc 
channel (air, 273 torr); top = anode; bottom = cathode; as also 
for Figures 2. 3 and 4. 
worth noting that a particularly bright patch can often be seen at the top of the 
avalanche head in the track. The avalanche develops in the same way whether its 
length is longer or shorter. The values for an avalanche 3 cm in length may be given 
by way of example: 

10-9kV/cm normal avalanche 
11-3 kV/cm intensive swelling of 

the head of the avalanche; 

further small increase in 

voltage gives rise to a 

track from side to side. 

If we calculate the value of ad (a = electron collisional ionization factor, d = length 
of avalanche) for the field strength at which expansion of the head begins, it is found 
to be about 20, independent of what length of avalanche is being used. 

As can be seen from Figure 1(b) in particular, a track develops towards the anode, 
independent of the thickening of the avalanche head: it will be shown later that this 
track moves at a high velocity towards the anode. It is difficult to follow the details 
of this process under the experimental conditions described, since the vigorous 
formation of ions contaminates the chamber and prevents the use of a rapid series 
of expansions. For more details see section 2. 

(b) Tlxe development of the electron avalanche when the duration* of the voltage 
pulse is extended while the voltage is kept constant. 
The avalanche develops strictly according to this pattern: 
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l2kV/cm: 


Length of cable: 


22 m 


Length of cable: 


25 m 


Length of cable: 


27 m 


Length of cable: 


29 m 


Length of cable: 


30-31 m 



normal avalanche 

expanded head 

expanded head 

broad side-to-side track 

(thin luminous thread) 

strongly luminous spark track 



(Figure l(h)t) 
(Figure 1(a)) 
(Figure 1(b)) 
(Figure 1(c)) 



• The durations of the pulses are given in terms of the length of cable used to produce the 
pulses. The pulse duration is taken as approximately 



Observations of avalanche development with prolongation of the pulse time 
make it possible to estimate their velocity. Since the electron avalanche develops 
within (8/3) x I0" 8 s (2 x 4 m) into a complete channel, i.e. bridges at least the 
distance of 3 6 cm between the electrodes in this time, we get a rate of development 
f about 1-3 x I0 8 cm/s. With the normal development (velocity u = 1-25 x 10 7 cm/s) 
(reference 1, p. 100) the avalanche would only become about 3 mm longer in this 

Here too (as in Figure 1(a)) the avalanche head begins to thicken at ax ^ 20, so 
that we can conclude that at this critical amplification the transition to the spark 
track is accompanied by a process with a high rate of development. 

This result was confirmed by observation of the luminous phenomena: at about 
1 2 kV/cm and 25 m cable length the head of the avalanche appears faintly luminous 
when viewed in a totally darkened room, until a weak thread of light travels from 
i Ik' jvalanche head to the anode. Thin continuous channels are already visible at 
29 m. The following describes a series of experiments which revealed how many 
times during ten voltage pulses illumination of the avalanche head (L) or a continuous 
luminous thread (K) was observed: 



Length of cable (m) 



25 



27 29 



L 
K 



10 




2 x cable length (in metres) . 
JTfoi second,. 



(On the whole, the continuous luminous tracks appearing at 27 m were feebler 
than those appearing at 29 m.) Thus we get values of more than 10 8 cm/s for the 
rate of development of the continuous channels. A rapid transition to the channel 
was also observed at pressures of 80 torr. 

The development of the electron avalanche, from narrow avalanche track to 
expanded head to continuous channel takes place in the same way in hydrogen. 

Another method must be used to get details of the method of transition from 
the normal electron avalanche to the continuous channel, since the strong cloud 
formation round the traces makes it difficult to follow their development. 

2. Observations with sub-normal expansion conditions in the cloud chamber 
(Air: 20°C) 

Preliminary remarks 

It has been established by several workers 2 - 3 that cloud traces of electric discharges 
can be obtained at lower expansion ratios than normal. It is assumed that at sub- 
normal expansions only the places of maximum ion concentration can act as 
condensation centres. 

The appearance of gas discharge traces at sub-normal expansion has so far been 
studied in the case of emission from a point, for which the current cannot be 
controlled, and also for the case of well-advanced discharges in homogeneous fields, 
so that many factors can be adduced to account for the observed phenomenon. 

However it is also found to occur in an electron avalanche whose ion density can 
. controlled in a regular way. It has been observed that: with a constant pulse time 
Vno' a staD 'e avalanche length of 1-9 cm) and the same initial pressure (320 torr, 
El k " le ^' c ' d stren 8 tn &Ip can De measured as a function of the expansion ratio e, 
IP being that at which the first droplets become visible in the chamber. 
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c 


118 


116 


115 


114 


113 


E/p ((f C) 

ax 


36-8 
3-4 


37-6 
3-9 


41-4 
9-4 


45-2 
16 


45-3 
16-5 



The first two values of ax correspond to my earlier observations on the onset 
of collisional ionization (reference 1, p. 98), the values for the lower expansions 
correspond to a possible condensation state that only becomes active at high 
amplifications. This possibility is probably afforded by doubly ionized molecules 
that need less supersaturation since the double charge of the vapour pressure on 
the surface of a small sphere corresponds more closely to that on a plane surface 
than a single charge. Since doubly ionized molecules are produced preferentially at 
points where there is a high concentration of carriers (electrons), these regions of 
dense ions will become visible at low expansion ratios. 

This fact was used to follow the development of the avalanche more exactly in 
the following way: if the pulse time is fixed so that a normal avalanche crossing 
half the electrode gap is produced, the expansion ratio is lowered but E/p is kept 
constant. However all that is visible as a rule is the ion-dense avalanche head in the 
middle of the discharge zone and its further development can be followed as the 
voltage is increased or the pulse time prolonged. For the following observations the 
expansion ratio was lowered from 117(1:3 mixture of alcohol and water) to 113, J 
and a final pressure of 260 torr (20°C) was used. 

(a) Pulse time constant, voltage increased 

Under the conditions given and with a 20 m cable, we observe a cloud track a 
few millimetres long about 1-3 cm from the cathode at 11-8 kV/cm (cf. Figure 2lal% 
(The series of photographs in Figure 2 were taken with a pulse time 8 m shorter 
(«= 2-7 x 18" 8 s). and really relate to experiments that will be described later, but 
the development would be exactly the same for the longer pulse time described 
here.) The distance of the track from the anode varies, but its distance from the 
cathode remains the same. As the voltage increases the track develops towards the 
anode (Figures 2(b) and 2(c)) until at about I 2-2 kV/cm there is a track extending 
across the entire discharge region (Figures 2(d) and 2(e)). We get the result thai ihe 
transition from avalanche to track takes place in such a way that first the gap 
between the avalanche head and the anode is bridged by an 'anode-side' track, and 
then the gap to the cathode is bridged by a 'cathode-side' track. 




Figure 2. Development of an electron avulanchc in the side-to-side 
channel at a subnormal expansion ratio. The expansion ratio has 
been lowered so far that only the region of the head of an 
electron avalanche is visible (j). 'lite voltage in the discharge 
zone is raised from a to d (see te.Nt); d and c are taken at the 
same voltage. The photos show that a track first develops from 
the avalanche head to the anode and then the track to the 
cathode develops. 



The length of the anode-side track can be varied with the voltage within narrow 
limits, but the cathode-side track is either formed or not, i.e. its development is 
much more dependent on the voltage than that of the anode-side track. In only a 
few cases did the voltage at the electrodes fall low enough to prevent the growth 
of the cathode-side track. In these cases branches were seen developing from the 
avalanche head towards the cathode, as shown in Figure 3(b). In most cases however 
the track went direct from electrode to electrode. Protuberances could be seen on 
both sides directed towards the cathode (Figure 2(e)), always at the level of the 
first track to become visible. (Figure 2(a), avalanche head.) The starting point for 
these protuberances is obviously identical with the lighter patches in the avalanche 
head mentioned previously. If the room is darkened, both the halfway and the full 
tracks are visible as faint blue lights. 

(b) Voltage constant, pulse time increased 

The electron avalanche goes through the same stages when the pulse-time is 
extended, so that we can get an idea of the rate at which the processes develop. 

If we start with the same conditions as before and increase the cable by 3 m, a 
complete track from the core of the avalanche to the anode is almost always formed. 
In this case a distance of about 1 -4 cm has to be traversed, so that the mean rate of 
development of the anode track works out at about 7 x 10 7 cm/s. If we extend the 
cable by another I -5 m, we get the sidc-to-side track. This means that a distance of 
about 1-2 cm has been traversed, assuming the development to have begun in the 
avalanche head, and so we get a minimum velocity of 1 -2 x 1 8 cm/s. Development 
towards the cathode is thus quicker than that towards the anode. These numerical 
values were obtained by evaluating a number of films. 

The following experiments were then undertaken for the complete explanation 
of this picture: 

1 . Observations with short pulse times 

The core of the avalanche was displaced towards the cathode by shortening the 
pulse time (the distance was about 1 cm) and attention was directed towards the 
development of the anode-side track. Again, the interval between the first appear- 
ance of the avalanche core (127 kV/cm) and the appearance of a continuous 
track ( 13-2 kV/cm) was small. It was again confirmed that the anode-side track 
formed before the core-to-cathode link. Figure 2 shows the various stages. The 
duration of each of these phases is as follows: at a field strength of about 1 2-9 kV/cm 
the cloud trace has moved about 1 -6 cm towards the anode if the cable is extended 
by 3 m. Repeated measurements of this type, visual as well as photographic, gave 
values between 7-9 x 10 7 cm/s for the mean rate of development towards the anode, 
similar to what was found under section Kb). 

2. Observations with longer pulse times 

To get a more exact idea of the development of the track towards the cathode, 
the avalanche core was displaced towards the anode by increasing the pulse time so 
iff' 3t a k° ut - "^ cm fr° m tne cathode the avalanche core appeared at about 
10-9 kV/cm (Figure 3(a)). At about 11-4 kV/cm the side-to-side kanal had formed 
rigure 3(c)). As a result of the larger distance between the core and the cathode 

rt a l° ften possible as in F 'S ure 2 l a > t0 eet only half-developed tracks (Figure 3(b)), 
and thus it was made obvious that the cathode-side track develops from the 
avalanche head in the direction of the cathode. To measure the duration of this 
return growth, the pulse time was varied at a field strength of about 111 kV/cm. 

arge number of visual and photographic measurements showed that with a 38 m 
able the core had formed; with a 40 m cable sometimes half and sometimes complete 
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tracks formed, and with a 41 m cable complete cathode-side tracks almost always 
formed. We calculated from this a mean rate of development of at least 
11-1-3 x 10 8 cm/s, if the distance between the origin of the core and the cathode 
is taken as the distance to be traversed in accordance with the values given under 
section (b). 

The anode-side track always runs exactly in the direction of the field lines, i.e. 
it takes the shortest path to the anode, but the half-developed cathode-side track 
often leaves the core at a slight angle to the field direction. In many cases it 
increases in breadth on its way to the cathode, and in the immediate neighbourhood 
of the cathode it can become a thin trace {Figure 3(c)). This point emits a white 
light when it is viewed in the dark. 

In many cases where the track has extended across the whole region, 'branching' 
is seen to develop in the area of the original avalanche head, at a distance within 
10% of the original head-to-cathode distance {Figure 3(c)). 
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Figure 3. Development of the electron avalanche under the 
same conditions as in Figure 2, but the direction of the pulse 
has been prolonged until the normal avalanche has almost 
reached the anode, (a) avalanche head at the anode. If the 
voltage is raised, the cathode-side track closes up (b) to complete 
the side-to-side track (c). 

3. Points in Homogeneous Fields 

Examination of the photographs of the avalanche development leads to the 
impression that the tracks from the avalanche head to the anode or cathode behave 



like discharges travelling from a negative point to the anode (anode-side track) or 
from a positive point to the cathode (cathode-side track). 

The following experiment was carried out to study the appearance of such 
discharges from a metal point in a homogeneous field, and if possible to measure 
the rate of growth of these discharges and compare them with the values given 
above. 

A small metal sphere 1 mm in diameter and a roughly needle-shaped tip were 
used in a 3-6 cm wide homogeneous field. With a normal expansion ratio, in 
conditions of extensive scatter, as a rule only discharges surrounded by a cloud 
were obtained. The structure did not become visible until the expansion ratio had 
been reduced. Thus, using the same conditions as above (see section 2) the discharge 
from a roughly needle-shaped point projecting about 1 mm from the plate electrode 
was observed. Initiation of the tracks showed wide scatter (see Figure 4), and was 
lower for a negative point than for a positive one (« 32 kV as against «< 37 kV). 
The onset of discharge was very irregular, and could not be improved by irradiation 
from a spark, so that the tracks were not reproducible and it was not possible to 
measure the velocity. 

Ml EMU 



Figure 4. Discharges at a point in a homogeneous field (sub- 
normal expansion ratio). Point length = I mm. In a: the point is 
below and negative. In h: point at top and positive. Voltage 
about 32 kV in a, 37 kV in b. Pulse duration 25 x 10"' s. 

However, the similarity of the discharges is nevertheless striking. The tracks from 
a negative point are non-branching and travel in straight lines as they do for the 
•node-side track starting from the avalanche head. The discharges from the positive 
point are branching, corresponding to the tracks in Figure 3(b). Likewise, the 
positive discharge begins at higher voltages than the negative one, just as happened 
when the pulse time was kept constant and the cathode-side track appeared at a 
higher voltage than the anode-side. (Studies in an inhomogeneous field 4 have 
revealed the same properties and have shown also that the positive track develops 
at a higher rate (1 x 10 8 cm/s) than the negative (on average «= 2 x 10 7 cm/s).) This 
similarity means that the space charge in a homogeneous field produces an 
■nnomogeneous field like the metal point. 

Summary of results 

e observations described here confirm the hypothesis based on observations of 
ectr °n avalanches in their earliest stages, namely that the track of a normal 
cctron avalanche is the same as that of the later spark. We may say that even with 
^"8 irradiation by ultraviolet light («= 1 avalanche/cm 2 in 10' 7 s; 8 * 10" 12 A/cm 2 ) 
with l ° 2 ° % overvolta 8 e - ^ breakdown of the gap is caused by a single avalanche 

"out the help of neighbouring avalanches. The same processes that bring about 
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the conversion of the normal electron avalanche to the 'spark' take place in this 
avalanche independent of the other avalanches. Thus the spark develops from the 
beginning in a narrow track, even in its very earliest stages, in contrast to the earlier 
theories according to which the development was over a wide front. 



If we summarize the experimental results on the development of the avalanche 
in the spark track, we gel the following picture: if we take a pulse time of some 
10" 7 s (electron distance a few centimetres) and do not exaggerate the overvoltage 
( 10 to 20%), an electron avalanche will travel from the cathode into the gas space 
at about 1 25 x 10 7 cm/s. If ax in the amplification factor exp (ax) has reached a 
value of about 20, the electron avalanche will be unstable and a track will start to 
develop from the avalanche head to the anode at a mean velocity of 7-9 x 10 7 cm/s 
(in my experiments: pressure =« 260 torr, overvoltage = 10 to 20%). If the anode- 
side kanal reaches the anode region, a track develops from the area of the avalanche 
head back to the cathode, usually in the path of the original avalanche and at a 
higher speed (> 12 x 10 8 cm/s). The head of the avalanche is thus the starting- 
point for the spark, and not the cathode as was thought. If the cathode-side track 
reaches the cathode, a narrow track bridges the two electrodes. This electron and 
ion channel is at first very slightly luminous, but the current rises very rapidly and 
the intensity of the light reaches that of the 'spark'. 

The appearance of this weakly luminous continuous channel preceding the 
bright spark track (for which reason we have named it the 'preliminary discharge 
channel') has already been described in the earlier investigation carried out with 
Flegler. The present results form a link between the author's work on electron 
avalanches, i.e. the very earliest collision ionization processes, and other studies 
which have dealt with the progressive breakdown of the preliminary discharge track. 

As already mentioned, the anode-side track is faintly luminous in a darkened 
room and that going from one side to the other is also luminous but brighter. These 
'preliminary discharge tracks' seem to be identical with the 'hazy streaks' described 
by Dunnington: 5 - 6 these are the first signs of the spark discharge seen during 
observations with an electro-optical shutter. In this way, cloud-chamber and electro- 
optical methods of investigation can supplement one another, since the latter can be 
used to study the formation of the bright spark track in the 'preliminary discharge 
track' (velocity of spark head and its direction of growth, start of bright spark 
within the track etc.) for which the cloud chamber is not suitable. 
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Introduction to Paper 4 (Raether, The 
development of kanal discharges') 

This paper summarises the author's early formulation of a new theory of breakdown, 
which was largely a consequence of experimental observations of the type described 
in papers 2 and 3. The theory was developed independently of that proposed by 
Meek (given in paper 5). The two theories have much in common and have come to 
be known as the 'streamer theory' of spark breakdown. They are based on con- 
siderations of individual electron avalanches, the transition from an avalanche into 
a streamer and the subsequent behaviour of the streamer. The theory involves 
ionisation by electrons and photons in the gas and space-charge fields. 

For air, on the assumption that the transition from an avalanche to a streamer 
occurs when the avalanche just crosses the anode/cathode gap, d cm, the breakdown 
criterion obtained is 

oe/=17-7 + log e d 

If there exists a critical avalanche length x c at which the value of exp (ox c ) is 
sufficiently high for the avalanche to develop into a streamer and if x c is less than 
the anode/cathode separation, d, then the growth of the spark is expected to be 
by the streamer mechanism, whereas if x c > d the Townsend mechanism is expected 
to apply up to breakdown. According to Raether (Electron Avalanches and Break- 
down in Gases, Butterworths, 1964) it can be shown that the processes described 
by the Townsend mechanism need to be completed by a space-charge effect for a 
large current growth and voltage drop to occur in the discharge gap. 

The streamer theory has been extended and elaborated by a large number of 
authors whose contributions have been summarised in the references given below. 
See also papers 8, 9, 10 and 15. 

Further Reading 

Raether, H., Electron Avalanche and Breakdown in Gases, Butterworths, (1964). 

Meek, J. M. and Craggs, J. D., Electrical Breakdown of Gases, Clarendon Press, 

(1953). 
Loeb, L. B., Basic Processes of Gaseous Electronics, University of California Press, 

(1955). 
Nasser, E., Fundamentals of Gaseous Ionization and Plasma Electronics, Wiley, 

1 971 (in particular, see chapter 9, sections 9.2-9.4). 
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The development of kanal discharges 

H. RAETHER* 



Introduction 

The author's cloud-chamber observations have revealed the development of an 
electron avalanche in a homogeneous field into a spark 'kanal', and have shown how 
this process develops spatially and with time. 1 The following results have been 
obtained at == 300 torr and an electrode separation of 3-6 cm: the normal avalanche 
discharge, which studies of the electron avalanche 2 have shown to travel at 
1-25 x 10 7 cm/s in air (E/p « 40), reaches a critical amplification and develops 
further as a kanal discharge, with an increased velocity of 7-9 x 10 cm/s. After a 
kanal discharge reaches the anode it returns to the cathode with a velocity of 
1-2 x 10 8 cm/s. Henceforth, a channel filled with charge carriers connects the 
anode and cathode. The luminous spark discharge occurs within this channel. 

The purpose of the following remarks is to discuss the mechanism of this rapid 
formation of kanal discharges and, as far as possible, to explain it. 

How the avalanche discharge becomes unstable and the anode-directed kanal 

develops 

We will follow the development of an avalanche kanal in a homogeneous field E 

up to high amplifications exp (cor) (a = primary ionization coefficient, x = distance 

from the cathode) and shall investigate what differences from a normal electron 

avalanche occur when the field of the charges created is comparable with the 

original field E . 

The avalanche head filled with electrons can be idealized to a negatively charged 
sphere, behind which is the positive space charge. The growth of the charge on the 
negative sphere during the development of the avalanche will continue at most until 
the opposing field between the negative avalanche head and the positive space 
charge left behind balances the original field (in fact this final value will be reached 
earlier, since collisional ionization will have come to an earlier end. However, we 

• Reproduced from Archiv fur Elecirotechnik. 34, 49 (1940) by permission of Springcr-Verli 
Heidelberg. 



will retain this idealization for the sake of simplicity). In this case the field at the 
part of the avalanche head facing the anode will amount to 2E ; higher values 
should not be possible. This observation of J. Sammer 3 is a serious objection to all 
theories based on extensive distortions of the field in front of the avalanche head. 
It is rather surprising that no attempt has yet been made to discuss or contradict 
its validity when high field distortions are used in an explanation. 

The following argument makes it possible to understand the formation of large 
field distortions in spite of Sammer's objection. We first consider a negatively 
charged space-charge sphere (sphere radius = p) alone in the homogeneous field E Q . 
The field on the anode side of the sphere will be referred to as the 'front field', and 
that on the cathode side as the 'tail field'. Let the maximum front field be 

Eo + Af max 

in which AE max is less than E , so that we have the field pattern shown in Figure 1. 
Under the influence of this front field the 'front electrons' will ionize to a greater 
extent than in the undistorted field E . The question now is at what distance from 
the surface of the sphere does the tail field of the avalanche head of these front 



E- 




Figure I. Shape of the field produced by superimposing a 

spherical field (p = radius of ihe sphere) on a homogeneous 

field, E (section through the centre of the sphere). 

electrons become comparable with the sphere field. If this happens at distances that 
are large in comparison with the sphere radius p, the front field has practically 
fallen back to £" and the field in front of the avalanche head does not rise above 
2e in any of the succeeding electron avalanches (case A , Figure 2). However, if 
we get tail fields of the same magnitude as the sphere field at distances comparable 
with p, then the tail field will be greater than £ , namely 

E +M max (p/r) 2 

v = distance of the electrons from the centre of the sphere, AZT max < £ [in 
figure 2 M" max = £" ] , and the new front field ahead of the avalanche head of the 
front electrons can become 

2E + 2AE max (p/r) 2 



30 Development ofKanal Discharges 

(case B, Figure 2). If we imagine this schematized process as continuing, the front 
field can be a multiple of 2E Q . Figure 2 will make this process clear. 
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Distance from cathode 

Figure 2. Diagram of growth of field above 2£„ ahead of the 
kanal lip. 

During the cloud-chamber observations already mentioned, this 'becoming 
unstable' of the electron avalanche appeared at ax == 20 (a = primary ionization 
coefficient, x = length of avalanche), i.e. 

n = exp (ax) * 5 x 10 8 

The cross-section of the kanal is about 0-1 cm, i.e. the field produced by this space 
charge is 

nx 1-6 x 10" 19 



At" 



max 



-x9x 10"~30 000V/cm 



whereas the undistorted homogeneous field amounts to 12 000 V/cm (reference 1, 
p. 468). Even though the numerical value of A£ is uncertain, this estimate does 
show that A£ and E are of the same order of magnitude at the 'Kip' point of the 
avalanche. 

Thus, talking very generally, a large sphere radius is favourable, since the 'range' 
of the sphere field which falls off in proportion to (p/r) 2 increases with p 2 , the 
electrons therefore spend longer in the increased field. This case occurs during 
lightning discharges. 

In what follows we shall take the case of a kanal discharge in a homogeneous 
field and attempt to work out the distance after which, in the field of a sphere, an 
electron avalanche attains a tail field comparable with this field. To apply these 
estimates to the cloud-chamber observations mentioned we adopt the following 
expression for a in the E/p range from about 40 to 180 (reference 4) 



Ml-)' 



/4=l-3x 10" 4 
5 = 28-8 



If «o electrons cross the surface of the sphere, there will be 

n = n exp (J^ adf) 
electrons produced in the distance x. This electron avalanche travels in the field 

E = E +AE mBX (^) 

and we can ask, as we did before, at what length x the charge of the avalanche head 
produces a field comparable with the sphere field. This leads to a relationship 
between x, the field strength at the 'kanal point' (surface of the sphere) and the 
number of initial electrons n . If the total field at the kanal tip is equal to 2£ 0> i.e. 
the initial field strength for the breakdown of the avalanche discharge into the rapid 
kanal discharge, we get the numerical values shown in Table 1. 
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The calculation can be briefly outlined. Let the field strength at the head of the 
avalanche be 



£n = 



nxl-6x 10" 19 



-° 4ffAr 2 

I n = number of charges in the sphere r, A = — — n J. 

Using the above equations we get 

If now 

^d assuming that r = p (because the kanal cross-section is observed to be more or 
less constant), we can get a relationship between x and p. The above calculation 
was carried out with EJp = 45. 
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It was found that, when the kanal tip had a radius of 0-2 and 03 or above, a 
new tip developed at a distance <* p from the surface of the sphere, i.e. in a field 
which is higher than the undistorted field E . The number of initiatory electrons 
«o does not have a very great effect. 

From observation, the radius of the kanal, and thus of its tip, is about 0-1 cm, 
so that remembering the assumptions we can speak of agreement here. The theory 
fits the observations even more closely when we recall that the calculation was 
carried out on the assumption that the 'front electrons' ionize by collision in a 
static sphere field. In fact, this sphere field travels behind the front electrons at a 
velocity approximately equal to the electron velocity. 

To explain this process we can schematize it as follows: a sphere (avalanche 
head) filled with n% electrons travels in a homogeneous electric field. The electrons 
ionize by collision after a certain distance (the ionization path) and n\ positive and 
negative carriers are formed (Figure 3). The sphere thus contains 2nj" negative and 
n* positive charges, of which the 2w J" migrate towards the anode but the n\ 
remains in position (Figure 3(b)). However from a certain charge density onwards 
(critical amplification), both the n * and n " ions will tend to remain in place since 
the field between them approaches the original field (Figure 3(c)). In view of the 
small separation between the n~ and n* charges, the sphere field moves along with 
the migrating n ' electrons and thus increases the ionization yield. This accompany- 
ing migration of the sphere field was not allowed for in the calculation given above, 
and leads to lower values for the kanal tip radius p which are in still close agreement 
with observations. 
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Figure 3. Migration of the tip field with the front electrons. In 
(c), 1 attempts to retain 2, 2 therefore travels a little way 
behind 3, thus promoting collisional ionization by 3. 



H. Raether 



33 



According to the picture, once the head of the avalanche has attained a certain 
amplification, it can give rise to a kanal discharge which at its head experiences 
field distortion greater than twice the value of the original field. (As the field 
distortion increases, so does the number of charge carriers per millimetre, so that 
the latter cannot be taken as constant in spite of 'space-charge deceleration'). At 
this stage of the theoretical argument it is hardly possible to provide data for the 
final value of the field distortion. The observed rates of growth in the cloud 
chamber are mean values. It is quite possible that measurements at greater 
electrode separations would show an increase in the rate of development, Le. 
would reveal a further increase in the field distortion. Such an increase has been 
detected in the case of spark head velocities 5 and lightning predischarges. 6 How- 
ever, we must bear in mind in this connection that we do not know in these cases 
how far the path was pre-ionized by a lower-current predischarge, which is either 
not luminous at all or too weakly so to be seen. 

If we work on the basis of considerable field distortion at the tip of the kanal, 
the question arises whether the effect of this field distortion on the mobility of 
the electrons is sufficient by itself to account for the high rate of development, i.e. 
whether the kanal tip field can give the electrons their observed velocities. It has 
been shown by the author (reference I , p. 480) that, taking into account the 
modification of the laws of mobility in high fields, velocities of 10 8 cm/s can be 
attained. On the other hand, the question arises whether photoelectrons produced 
by a gas-ionizing radiation 7 ahead of the kanal tip can help to accelerate the 
development. 

To demonstrate that they do so we must show that an electron produced in the 
field of the avalanche head at a distance r greater than the sphere radius p will be 
amplified to such an extent by collisional ionization after travelling a distance Ar 
that a field similar to the original one at the tip is produced at the avalanche head 
of this photoelectron. The sphere field is thus advanced a distance x = r + Ar, 

Release of 
photoelectrons 
-Ar-H 




Figure 4. Explanation of the faster growth of kanal discharges 
when gas-ionizing radiation is active. Ar = path of a photo- 
electron released at a distance r in an electron avalanche, 
r + Ar = forward displacement of the sphere field by the 
electron avalanche, the rate of development has thus increased 
to ((/•+ Ar)/Ar) times the electron velocity. 
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although the electron has only moved by Ar. The ratio between the two distances 
gives the increase in the development velocity of the kanal as compared with the 
electron velocity (Figure 4). 

The following calculation provides information concerning this problem. Let 
the undistorted homogeneous field be t' /p = 45 (as above). Let the photoelectron 
be released at the distance 2pi . Then (the calculation proceeds as on p. 3 1 ) we 
find that for the field ahead of the kanal tip A£" max = e£ at the distances x (see 
Table 2) from the tip of the original field. 
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Table 2 
p = 0- 1 cm 



x 



1 
>25p 



3 
13p 



4 
6p 



8 
3-5p 



10 

2-7p 



12 

2-5p 



These tabulated numbers indicate the following: 

(a) when the field distortion is small (e small) photoelectrons contribute nothing 
to the acceleration of the development of the kanal as the amplification of the 
photoelectrons to the point where a new kanal tip forms takes place well outside 
the original tip. The velocity increase factor is 



r + Ar 



Ar x-2p 



1 



since x > 2p , . We can conclude from this that the space charge alone is responsible 
for the sudden change of the normal avalanche discharge. 

(b) On the other hand, when the field distortion is large, about ten times E , 
photoelectrons ahead of the kanal tip can give rise to an increase in kanal velocity 
as compared with the electron velocity. For example, when e = 10 (A£ = 1Q£ ) 
one gets an increase factor of 2-7/(27 - 2-0) =» 4 as compared to the electron 
velocity in this increased field. Given an adequate field distortion, therefore, 
photoelectrons do contribute to an increase in velocity. 

These light quanta are of course emitted from the excited atoms in all 
directions. (The remarks made by R. Strigel in reference 8 concerning a preferred 
direction for this ionizing radiation are based on a misunderstanding.) 

However, the photoelectrons produced to the side of the kanal tip contribute 
nothing to kanal development since they arise in a field which is only inappreciably 
distorted or even in one which is small compared with E , and the ionization yield 
falls off rapidly with the field. The electrons produced ahead of the kanal tip have 
the best yield provided they are not produced too lar ahead of it. To determine 
the distance at which the photoelectrons are actually released we need not only 
the absorption coefficient p. of the ionizing radiation, but also the decrease in 
radiation intensity, and thus of ionization density, with distance. Since the ionization 
yield depends strongly on the field strength, only those light quanta which pass 



Figure 5. Calculation of the number of photoelectrons formed 
by light quanta (from the surface of the kanal) which help to 
promote the development of the discharge. These arc effectively 
found in the volume t, since the ionization yield declines outside 
the dotted lines. 

through the surfaces /(within the dotted lines in Figure 5, and referred to as n r ) 
and are absorbed within a distance dr produce photoelectrons of importance for 
development. We get the following expression, therefore, for the ionization density p 

p = e/r 

(e = number of electrons in the volume t; as a first approximation the latter can, as a 
function of r, be regarded as a constant). 

e = pdrn, 

"r="i (7) expf-AtC-'-i)} 

(/ii quanta pass through /at r,) and thus with 
T^lm-^dr 

P(r) = fr ! (7) 2exp{ - M(r " ri)} 
or 

POOspif/i) (ri/r) 2 exp {-u(r - r,)} 

i.e. the decrease in p is essentially determined by the absorption coefficient when 

1-4 
p> — (atlowr,r = 2r 1 ) 
r \ 

IWhen r is very large however the absorption coefficient (p. 37) is the deciding 
factor.] In air, p « 1 cm" 1 (760 torr) or p «* 4 cm" 1 (260 torr) so that this case 
does not occur either with narrow kanal discharges, r, «* 0-1 cm, or with lightning 
discharges, so that the quadratic term determines p(r). 
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To give a numerical example: 

We assume that only about 1000 quanta appear per 01 cm of path (i.e. several 
orders of magnitude less than ion pairs), so that 

n,«10 3 (i) (7r/i~£477r, 2 ) 

and thus p(r,)s 2-5 x 10 3 cm" 3 «>2-5 mm -3 , which means that in the layer 
between r j and 1 ■5r 1 about 3-5 electrons are produced in a tube r = r x . Between 
1 Sri and 2tj one electron will appear at the intensity assumed above, and 

p« tern" 1 . 

As already mentioned, the conditions for accelerated kanal development by 
photoelectrons are more favourable when the channel diameter is large, since the 
'range' of the electric field (and thus the yield from collision ionization) increases 
with p 2 (p = radius of the kanal tip). As a result the influence of the photoelectrons 
increases more with the tip radius (p) than it does with increasing field distortion 
(e). For example, under the conditions given above, and taking a tip radius of 1 cm 
for a tip field of 4£" (e = 3), the extent of travel (Ar) of the electron must be 
0-5 cm in order to reproduce the original field, whilst the kanal advances by 
x = 1 -5 cm. This means the rate of development is already three times the electron 
velocity. We can conclude from this that the development of lightning tracks 
(towards the anode) involves photoelectrons playing a much greater part in kanal 
development than in that of the discharge tracks at small electrode separations. 

Development of the kanal of the cathode side 

The velocities measured during the reverse growth of the kanal on the cathode side 
were found to be so high that they could not be explained by the transit of positive 
ions; for explanation there only remain the photoelectrons produced by gas- 
ionizing radiation (see reference 1 , p. 483). These photoelectrons thus have the 
initial task of producing the ionization track to the cathode; moreover an estimate 
must be made of how far they can affect the velocity. Both these points are 
discussed in the following. 

In contrast to the development of the kanal on the anode side, there is already 
in this case a considerable distortion of the field due to the positive space charge 
formed by the anode-directed kanal at the end facing the cathode. The electrons 
migrating in this section of the kanal give rise to short-wave quanta which amongst 
other things release photoelectrons in front of this positive space-charge tip and thus 
initiate the cathode-directed kanal discharge. 

This explains the experimental finding that the cathode-directed kanal only 
begins to develop after the onset of the anode-directed kanal. (It is conceivable 
that under certain circumstances the cathode-directed kanal can begin before the 
anode-directed kanal reaches the anode. It will only be possible to comment on this 
after experiments at greater electrode separations). If we assume the effect of the 
photoelectrons to be as described above, and take it that an electron released at a 
distance 2p from the tip of the kanal (measured from its centre), will move in the 
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reverse direction, i.e. into an increasing field, then at e = 10, i.e. the field at the 
kanal tip (radius 0-1 cm) is equal to ten times the strength of the undistorted field, 
we obtain a path of 0-3p befor3 there is enough distortion of the field ahead of the 
avalanche tip. The tip of the channel is thus advanced by 0-7p. The rate of develop- 
ment is thus about 2-3 times greater than the electron velocity. If we bear in mind 
ihat the photoelectron moves against the positive space charge and thus into a 
rising field, the field distortion will not only be retained but will actually increase. 
The branching observed in the cathode-side kanal (reference 1, p. 473) together 
with the higher rate of development can also be ascribed to a higher tip field 
strength. 

Development of lightning discharges 

The above arguments make it possible to explain the kanal development clearly 
observed in the cloud chamber as a primary ionization process. Schonland et al. 6 
have made observations on lightning discharges in which the 'principal discharge' 
was found to have a velocity of more than 10 9 cm/s. Strigel 8 has found similar high 
values in the 'principal discharge' between a point and plane. It is difficult to 
interpret such velocities in the manner given above. We must rather take into 
account the radial field of the discharge channel which is formed by the 'preliminary 
discharge'. As was shown in reference 1 , p. 486, such a radial field will act on the 
motion of the electrons like a longtitudinal field, in that during the free path 
lengths it drives the laterally scattered electrons into the longtitudinal field direction. 
We will now assume that collisional ionization takes place at an arbitrary point in 
the channel (see Figure 6). This gives rise to ionizing radiation and thus to photo- 
electrons to an extent corresponding to the absorption coefficient. In the case 
already dealt with (p. 34) these photoelectrons created extensive distortion of the 
tip field by collisional ionization, so that the longitudinal field was steadily 
advanced. In this present case, the transverse field which increases the electron 
mobility in the same way, is already present owing to the 'preliminary discharge'. 
Thus even the more remote photoelectrons find themselves in a transverse field 
in which they can soon radiate short-wave quanta accompanied by an increased 
collision ionization yield. It is difficult to give anything other than very indefinite 
figures for this increase in velocity, but it can be readily seen that the high velocities 
of over I0 9 cm/s for the principal discharge can be readily explained in this way. 
Figure 6 shows the general case of simultaneous forwards and backwards develop- 
ment, any point on the discharge track being taken as the point of origin. 

The 'cathode-directed' kanal of the spark finds no carrier channel available in 
this sense, since the number of ions given by the previous avalanche discharge is 
too small to build up a transverse field and practically all the electrons are found 
in the avalanche head. Thus both the anode and the cathode-directed kanals are 
Primary ionization processes independent of the previous history. The same will 
a Pply to what is called the 'preliminary discharge' of lightning (in contrast to the 
much brighter 'principal discharge') for which reason their rates of development 
are comparable. 
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Development towards 
v the anode 



Development towards 
the cathode 
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Figure 6. Illustration of the rapid forward development of a dis- 
charge in a carrier tube formed by a preliminary discharge 
/ = path of electrons from which sufficiently short wave quanta 
will be emitted to release photoelcctrons in the distance LL/I 
then gives the increase in velocity of the discharge as compared 
with the electron mobility. 
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Conclusion 

The behaviour of an electron avalanche in a homogeneous field on its passage to the 
anode is discussed. The number of charge carriers increases exponentially 
(n = exp(ax)) and the velocity is the normal avalanche velocity u = 1-25 x 10 7 cm/s 
(air, E/p = 40). When a certain critical amplification is reached an increasing 
distortion of the field starts to build up in front of the avalanche head ('growing 
instability' of the avalanche discharge and transition to an 'anode-directed kanal'). 
As the field distortion increases the photoelectrons produced by the gas-ionizing 
radiation ahead of the kanal tip also help to increase the rate of development. If 
high field distortion is present, then with the aid of photoelectrons the discharge 
will also return to the cathode (cathode-directed kanal). On the conclusion of this 
counter-growth from the avalanche head to the cathode, the two electrodes are 
joined by a conducting tube, and this represents the subsequent 'spark channel'. 
A very rapidly developing discharge can form in such a conducting channel as a 
consequence of the transverse field and with the aid of the gas-ionizing radiation. 



Introduction to Paper 5 (Meek, 
'A theory of spark discharge') 



The discharge theory given in this paper was developed by Meek independently of 
that given in paper 4 by Raether. The paper followed earlier ones by Loeb and 
Leigh, and by Loeb and Kip, in which a qualitative picture of breakdown involving 
the formation of 'streamers' was given. Loeb's early work was stimulated by his 
observations and those of Kip of the streamers produced in corona discharges (see 
paper 1 9). 

As will be seen from the final section of Meek's paper, it was claimed that the 
proposed 'streamer theory' was capable of accounting for the experimental data 
then available on the breakdown process at high pressures or large gap distances in 
uniform electric fields. The need for an alternative theory to the Townsend theory 
was later disputed by Llewellyn Jones and his co-workers (see paper 6). 

Further Reading 

Loeb, L. B. and Leigh, W.,Phys. Rev. 51, 149A, (1937). 

Loeb, L. B. and Kip, A. F.,7. Appl. Phys. 10, 142, (1939). 

Loeb. L. B. and Meek, J. M., Mechanism of the Electric Spark, California: Stanford 

University Press, ( 1 94 1 ). 
Nasser, E., Fundamentals of Gaseous Ionization and Plasma Electronics, 

Chapter 9, Sections 9.2-9.4, Wiley (1971). 
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A theory of spark discharge 

J. M. MEEK* 



Introduction 

In the early 1900s J. S. Townsend 1 evolved his now classical theory of the mechanis 
of spark discharge on the basis of measurements made at high values of E/p, the 
ratio of field strength to pressure, and low values of pd, the product of pressure 
times gap-length. His theory has been extrapolated to explain the mechanism of 
sparking under ordinary conditions for longer gap-lengths at atmospheric pressure 
and above. It has formed the guiding principle of all considerations of the sparking 
mechanism for nearly 40 years. Many researches have indicated that for values of 
pd near and somewhat above the minimum sparking potential the theory was 
adequate and relatively accurate. The theory in this region enables calculation of 
the sparking potentials to be made with adequate accuracy, and recently it has 
been shown by Schade 2 to be consistent with time-lag studies. 

In recent years, however, it has become increasingly apparent that the theory is 
entirely inapplicable when extrapolated to sparks loxpd greater than about 
200 mm Hg x cm in air and analogous values in other gases. The reasons for this 
conclusion may be stated briefly as follows: 

1 . The formative time lags of sparks at atmospheric pressure, i.e., the time 
required for the breakdown mechanism to materialize, have been measured by 
several diverse methods, and all lead to time intervals of the order of 10 7 s, or 
even less, for a 1 cm gap at small overvoltages. 2 These time intervals are far below 
the microseconds required by positive ion movement as shown by Schade 3 and 
others. 4 

2. At atmospheric pressure the sparking potential has been found to be 
independent of cathode material to a very high degree, 5 while the theory above, 
even though somewhat insensitive to the value of 7 at higher pressures, requires a 
definite dependence of the order of 10 per cent on the value of ?. 6 The values of 
pd at which this dependence begins rapidly to vanish occur again at pd = 200 
(reference 5). 

* Reproduced from Tlie Physical Review, 57, 722, (1940) by permission of the American 
Physical Society, New York. 



3. In longer sparks, in lightning discharge, and in positive point corona at 
atmospheric pressure, it is virtually certain that the character and action of the 
cathode is without any influence whatsoever on the process. 

4. The observed appearance of sparks in measurements of Townsend's coefficient, 
a at higher pressures and adequate x with no measurable value of 7 indicates in 
another way that the theory based on a 7 is no longer applicable at higher values of 
pressure and gap length. 7 

5. Observations of actual sparks in short time intervals made visible by Kerr 
cell-shutter studies 8 and by cloud-track pictures of spark paths after short time 
intervals, 9 as well as the usual visual observations of sparks, indicates that break- 
down at higher pressures occurs along very narrow channels or filaments. This is 
incompatible with the transient rearrangement of conduction currents in a gas 
caused by accumulations and movements of positive ions or successive waves of 
electron ionization when 7 exp (ad ) > 1 . This discrepancy is made still more glaring 
by the zigzag nature of the spark filament and the frequent branching observed in 
longer sparks. 

6. While only one electron is required to initiate a spark on the Townsend theory 
as interpreted by Hoist and Oosterhuis 10 it is clear that the greater the number of 
photons incident on the cathode by external irradiation the more rapidly should 

the space charge accumulations occur, so that formative time lags should on that 
theory decrease as the illumination intensity of the cathode increases. This has 
been shown to be true by Schade for low values of pd. However, at high pd 
observation shows no appreciable change in the formative time lag and of the 
sparking potential with illumination over a considerable range of intensity." When 
the illumination intensity is increased by a factor of 10 s beyond that giving the I0 7 
electrons/s/cm 2 generally used, both formative time lag and sparking potential are 
lowered. 12 In this case the potential is lowered at a maximum by no more than 10 
per cent, and the formative time lag appears to be doubled when the intensity of 
illumination is decreased by a factor of 500. 

Theory 

The above-mentioned objections to the classical theory make it imperative to 
formulate a new mechanism which does not so conflict with experimental 
observations. The importance of streamer formation in the mechanism of spark 
breakdown has been discussed in a recent article by Loeb and Kip 13,l3a and more 
extensively by Loeb in his book Fundamental Processes of Electrical Discharge in 
Gases. The breakdown process is there pictured in qualitative fashion, but no 
quantitative criterion is given for streamer formation and breakdown. However, it 
is shown that under sparking conditions the positive space charge in an electron 
avalanche which is originated at the cathode produces an electric field of the same 
order as the external applied field when the avalanche reaches the anode. This fact 
*as also indicated previously by Slepian, 14 who then postulated the development 
'hernial ionization in the avalanche. It is further stated by Loeb that the axial 
le 'd distortion produced by the positive space charge inhibits the advance of the 
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electron avalanche towards the anode, but favours the development of a positive 
streamer towards the cathode. An explanation of the mechanism of streamer 
formation and mid-gap streamers is also given, though the fundamental criterion 
for their appearance is lacking. However, it is indicated that breakdown will not 
occur until a conducting filament exists across the gap. The single electron 
avalanches observed by Raether ls just below breakdown do not form such a 
filament but produce a charge concentration at the anode so that positive 
streamer propagation to the cathode is needed. 

In the above-mentioned theoretical discussions, consideration appears to have 
been given principally to the field distortion produced by the positive space charge 
in the direction of the axis of the avalanche, i.e., in the direction of the external 
applied field. Clearly, however, the positive space charge will also produce a field 
distortion in the direction radial to the axis of the avalanche, i.e., perpendicular to 
the external field. Consideration of this fact led the writer to the following criterion 
for the transition of an electron avalanche to a conducting streamer, a criterion 
which makes quantitative calculation possible. A streamer will develop when the 
radial field about the positive space charge in an electron avalanche attains a value 
of the order of the external applied field. Then photoelectrons produced in the gas 
in the immediate vicinity of the avalanche will not only be accelerated in the 
direction of the external applied field but will also be drawn into the stem of the 
avalanche. (It has been shown by Cravath, 16 Dechene, 17 Loeb and Kip 13 that 
streamer propagation depends on photo-ionization in the gas.) In this manner the 
positive ion space charge attracts photoelectrons from the surrounding space in 
sufficient numbers to originate a self-propagating streamer. For lower values of 
external applied field, where the multiplication of ions in the avalanche is insufficie 
to produce a radial field of the same order of magnitude as the external field, 
photoelectrons produced in the gas proceed to the anode and are not deflected to 
the main avalanche. 

It is clear that the exact equality of the radial field and the external applied field 
need not be insisted upon, and it is possible that the requisite criterion could be 
satisfied when the radial field is only 50 per cent of the applied field. However, in 
the calculations the two fields have been set equal, and the application of this 
condition at once leads to equations for field strength for spark breakdown that 
closely approximate experimental observations and clarifies difficulties in the 
qualitative picture given by Loeb. The criterion not only enables quantitative 
calculations of breakdown to be made, but it also assists in the interpretation of a 
number of other sparking phenomena. It thus seems of interest to present the 
results of the analysis and its applications, together with its experimental justificatio 

Derivation of equation for breakdown 

Because of the cumulative character of the ionization in an electron avalanche and 
the relative immobility of positive ions as compared with electrons, the bulk of the 
positive ions left behind by the advancing electron swarm are concentrated in a 
region of several ionizing free paths behind the tip of the avalanche. The region 
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is also bounded by the periphery of the avalanche, which is conditioned by electron 
diffusion. Since the estimation of the field produced by such a distribution is 
difficult it will be assumed for convenience of calculation that the positive space 
charge is concentrated in a spherical volume of radius, r, equal to that of the 
avalanche. While the volume may be more nearly in the form of an oblate or 
prolate spheroid, the assumption of a perfect sphere will not affect the calculated 
field in order of magnitude. 

The field, E t , at the surface of a spherical volume of uniformly distributed 
space charge is given by 

Q 4 
E^f^itrNe, 

where N is the number of ions per cubic centimetre and e is the charge on an 
electron. To find TV, one recalls that owing to cumulative ionization the number, 
n. of positive ions formed when the avalanche has progressed a distance, x, is 
n = exp (ox), where a is the Townsend coefficient for ionization by electrons. In a 
distance dx the number of ions created is dn = a exp (oar) dx. These ions are 
assumed to be contained in a cylindrical volume of radius, r, and of length, dx, so 
that 



N = 



_ a exp (ox) 



m" 



According to Raether 15 the radius, r, is related to the distance, a - , of avalanche 
travel by means of the diffusion equation r 2 = IDt ■ 2Dx/v, where v is the velocity 
of advance of the avalanche and has been measured by Raether IS and White. 18 
Since v = KE, where K is the mobility and E is the applied field, we have 

4 a exp (ax) e _ 4 c<exp(ox)e 
'~3 r = 3 (2Dx/KE)$ ' 

Both D and K are functions of E/p and are approximately related by the expression 

K Nee 2 ' 

where P is atmospheric pressure, Ne is the Faraday constant, c is the speed of 
thermal agitation of electrons (1-2 x 10 7 cm/sat 20° C), andc, is the square root 
of the mean-squared velocity of the electron in the applied field. Townsend 19 has 
shown that c, is considerably larger than c. According to Compton 20 the value of 
c i 's given by 



2 _ 



•33^, 



where X is the mean free path of the electron, E is the applied electric field, m is 
'he mass of an electron, p is the gas pressure, and /is a factor which depends on 
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the fractional loss of energy per collision. If X is the mean free path of an electron 
at a pressure of 760 mm Hg, then the value of c, for a pressure, p, is given by 

1 mp V7 

The values of X and/obviously depend on E/p and are not known for the high 
values of E/p which are necessary for spark breakdown. But inasmuch as the theory 
will be round insensitive to slight errors in the value of \ /V/it is considered 
reasonable to calculate its value from known data based on experiments with 
fields close to those which produce sparking. Raether' s found that the speed of 
advance of an electron avalanche was 1-25 x 10 7 cm/s in a field E/p = 41 V/cm/mm. 
Substitution of such values in the well-known Langevin equation for electron 
mobility, viz., v = 0-81 5 eXfT/wiCj , enables one to calculate that X V/ = 5-7 x 10" 
The mean free path X is taken as 3-6 x 10" 5 from curves given by Brose and 
Saayman 21 and corresponds to an electron energy of three volts. Whence we have 
/= 0-025 and c, = 201 x 10 7 (£"/p)i Then we have 



\-6 



E,=~ 



4 a exp (ax) e 



3(2Pc, 2 x//Vec 2 £)i 
= 5-28 x 10- *2f&> volts/ 



cm. 



(1) 



Now for x=d, the gap length for a plane parallel gap, application of the criterion 
for streamer formation, thatf, = E, gives 

E(d/p)$ = 5-28 x 10" 7 a exp (ad) 
which may be written in logarithmic form as 

-pd -Hoge - = 1 4-46 + log c - - i log,, pd + log e d. (2) 

Reference to curves of the Townsend type which relate a/p with E/p now enables 
the value of E/p required for sparking to be calculated for given d and p. In the 
case of a 1 cm gap in air at atmospheric pressure the breakdown equation is 
satisfied for E/p = 42-4 (a = 18-6), i.e., E = 32-2 kilovolts per cm,* which is in 
close agreement with the observed value of 31 -5 kilovolts per cm. 

Comparison between calculated and measured values of breakdown potential 
The form of the breakdown eqn. (2) shows that it is in agreement with Paschen's 
law other than for the term, log c d. This term has little effect, however, on the 
calculations, as shown by Table 1 for breakdown potential corresponding to 
different values of p and d. The deviations, for the same value of pd, are within 
the present margins of experimental error in measurement, and it may be that for 

• If wc set the criterion for streamer formation as X, = 0-2^ instead of X, = X, the break- 
down field strength evaluted is 31-8 kilovolts per cm. 
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pd 

mm x cm 


d=0-l 


Breakdown potential (kV) 

d=l-0 d=\00 


7600 
760 
380 


245 
31-5 

18-0 


248 249 
32-2 32-9 
18-6 18-9 



more accurate measurements such differences will be observed. For it should be 
pointed out that the derivation of Paschen's law is based on theoretical con- 
siderations analogous to those of Townsend. Such considerations make the 
mechanism of spark breakdown dependent on the total number of ions formed 
in the gap and, since the multiplicative factors in ion production depend on E/p, 
Paschen's law results. However, on the new theory, it is seen that the breakdown 
mechanism is not dependent on the total number of ions formed but depends on 
the ion density in an electron avalanche and the resultant space-charge field. In 
consequence, we would not expect that Paschen's law would be strictly obeyed. 
In fact, it has previously been shown 23 that with space charge distortion Paschen's 
law is only approximately correct, and that the deviation in breakdown potential 
is of the same order of magnitude as that derived here. So that unless the precision 
of experimental determinations of sparking potentials in the future indicates 
Paschen's law to hold beyond the prediction of the present theory, the deviations 
of the latter from Paschen's law are not thought to invalidate the theory in any 
way. 

Both experimental and calculated curves to show the relationship between the 
voltage required to cause breakdown and the product, pd, of pressure times gap- 
length are plotted on logarithmic scale in Figure 1. The calculated curve is based 
on values for the primary ionization coefficient, a, in air as given by Sanders 24 for 
E/p up to 100; for higher E/p the values of a are taken from Posin's observations 




10° 10' 10 2 10 3 10' 
pd (volts) 

Figure J. Experimental and calculated curves to show relation- 
snip between breakdown voltage and pd. 
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in nitrogen. 2 s The experimental curve, shown dotted, is that given by Whithead 26 
as the mean of the results given by a number of independent workers. It will be 
observed that the calculated curve is in agreement with that experimentally 
determined for values of pd from 10 000 down to about 100 mm x cm. For 
values of pd < 100, the calculated values are higher than those observed, and the 
deviation increases steadily with decreasing pd and thus with increasing E/p. The 
deviation occurs in the region of E/p = 60 which is about the minimum value of 
Ejp for which the second Townsend coefficient is observed. 27 Thus for values of 
pd < 100 the deviation can be accounted for by the presence of other sources of 
ionization in the gap. This is in agreement with calculations made in the past on a 
knowledge of the Townsend coefficients, and which have yielded approximately 
correct values of breakdown potential corresponding to low values of pd. The 
deviation between the two curves then indicates the region in which breakdown by 
streamer formation gives way to classical tlieory and the Townsend type of 
mechanism. 

Preliminary calculations of the breakdown strength of other gases, such as 
hydrogen, have been made and give values in agreement with those observed 
experimentally. 

Conclusions 

It is seen that the above theory postulates an entirely different mechanism of 
breakdown for longer gaps and higher pressures than that given by classical theory. 

1 . The proposed mechanism depends on photo-ionization and electron 
multiplication in the gas (Townsend's a). This photo-ionization is justified by recent 
observations on the effectiveness of such ionization under the existing conditions. 16, 

2. It requires that the density of positive ion space charge created in an electron 
avalanche is sufficient to draw in photoelectrons and their progeny, produced by 
ionization by collision, in a measure which renders the positive space charge a 
conducting plasma, and permits the further development of the streamer. This is 
only possible when the field strength and gas pressure are such as to allow a 
sufficient density of photo-ionization in the neighbourhood of the streamer head to 
permit self-propagation. 

3. It shows that the development of long sparks is completely devoid of any 
dependence on cathode material, in conformity with observation. 

4. It is in full accord with time-lag studies in that it involves formative time lags 
of = 1 0~ 7 s or less and explains the fact that when a potential is applied to a gap 
in excess of the minimum required to cause breakdown midgap streamers develop 
and the formative time lag is reduced. 8 For in this case an electron avalanche which 
originates at the cathode will have developed the requisite density of positive ions 
to cause the initiation of a streamer before the anode is reached. The reduced 
distance which the avalanche has to travel before it produces a streamer makes it 
probable that several streamers will be initiated simultaneously. A conducting 
filament across the gap will be formed by the junction of such streamers, and 
results in a corresponding reduction in time of formation of the spark. 
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5. At the sparking threshold the spark is initiated by a single electron liberated 
from the cathode. The chance of a spark then depends on (a) the chance of a single 
electron avalanche which produces at the anode or in midgap the requisite space 
charge, and (b) the success which this space charge has in photo-ionizing the 
ambient gas and in attracting sufficient electrons to ensure self-propagation of a 
streamer. This accounts for the statistical time lags, and for the observed indefinite 
character of the sparking potential. That the sparking threshold is at all definite 
under these conditions is explained by the cumulative nature of electron ionization, 
i.e.. i = / exp (ax), and also that a/p = f(E/p) where f(E/p) is of the form 

A exp (BE/p) or C(E/p - D) 2 . 

6. The theory is completely consistent with the observations of H. Raether on 
the development of sparks in a cloud chamber. In fact, Raether's photographs 
clearly indicate the passage of an electron avalanche from cathode to anode 
followed by a streamer which proceeds from the anode to the cathode to form a 
conducting filament bridging the gap. Simultaneously and quite independently, 
Loeb, on the basis of corona studies, and Raether, 28 on the basis of cloud-chamber 
observations, postulated a qualitative picture of the sparking mechanism which is 
here rendered quantitative. 

7. It can be shown that the field distortion produced by cumulative ionization 
with high densities of photoelectric current gives a lowering of sparking potential 
in rough quantitative agreement with the lowering observed by White," Rogowski 
and Wallraff. 29 

8. It clearly accounts for the filamentary character of spark breakdown at 
longer gaps and higher pressures and explains both the zigzag character of the 
spark and the branching observed. This differentiates the sparks under this 
mechanism from those in the Townsend regime (pd < 100 in air). 

9. It explains the fact that in the study of the Townsend coefficients at lower 
E/p and higher pd sparking occurs before values of the second coefficient, 7, can 
be observed. 

10. The slight deviation of the theory from Paschen's law is not inconsistent 
with experimental data in this field of investigation. 

1 1 . While at present the inexact character of the quantitative criterion for 
streamer formation leaves considerable latitude owing to the exponential nature 
of electron multiplication by ionization by collision, the equation gives numerical 
results in as good agreement with experiment as those based on Townsend's theory, 
where a hypothetical value of 7 has to be assumed, since it cannot be observed. 
Numerical agreement of this character between theory and experiment must not 

be taken too seriously as a confirmation of any particular theory in view of the 
latitude given by the exponential term and the lack of adequate experimental data. 

12. The theory has been extended to the explanation of sparks of all lengths at 
higher pd in air and the necessary conditions for sparking have been established by 
L°eb. A more exhaustive discussion of the application of the theory will be given 
hi an article to appear at some future date. 

13. It can be shown that the theory leads to an explanation of the breakdown of 



50 



A Theory of Spark Discharge 



J. M. Meek 



51 



unsymmctrical gaps where the field distribution is known, and that quantitative 
calculations can be made. The theory may be applied to either surge-impulse or 
static breakdown. 

14. It is found that the self-propagating streamer mechanism, as modified for 
longer sparks, will adequately account for the pilot streamer in Schonland's 
mechanism 30 for the lightning discharge, and it clarifies the theory proposed by the 
writer 31 for the 'stepping' observed in lightning and spark discharges. 

The writer wishes to express his appreciation to Professor L. B. Loeb, whose 
original qualitative theory stimulated this work and whose suggestions and 
criticisms have contributed much to the development of the present theory. He also 
thanks the Commonwealth Fund for the grant of a Fellowship, during the tenure 
of which the work was carried out. 
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Introduction to Paper 6 (Llewellyn Jones 
and Parker, 'Electrical breakdown of gases. 
Part 1: Spark mechanism in air') 



This paper was the first of a series of papers by Llewellyn Jones and his associates 
which attempted to show that for uniform-field conditions at high values of pd 
(n = gas pressure, d = anode/cathode separation) the spatial growth of the prc- 
breakdown current could be represented, as at low values of pd ( ;$ 150 torr cm), 
by the expression 

/ = /„ exp (ad)l[\ - («/«) {exp (ad) - 1}] 

The paper makes no allowance for the occurrence of electron attachment, (see 
papers 1 1 and 1 2) but this does not invalidate its major conclusions. Perhaps the 
major contributions of this paper are: 

(i) the caieful analysis it makes of the experimental conditions which need to 
be satisfied if the growth of pre-breakdown currents is to be examined in a 
meaningful way, 
(ii) the demonstration that, if the experimental investigations are done with 
sufficient care, 'upcurving' of the log I/d curves can be observed for 
conditions near breakdown. This implies, as is explained in the paper, that 
a secondary ionisation mechanism operates throughout the breakdown 
process and that no new mechanism needs to be introduced just before 
breakdown occurs. 
More recently, Dutton and Morris (Brit. J. Appl. Phys. 18, 1 1 15, (1967)) have 
extended the earlier work to breakdown voltages for air of £ 400 kV at values of 
Pd up to 12 600 torr cm. Similar work for nitrogen was reported at the Ninth 
International Conference on Phenomena in Ionised Gases, Bucharest (1969) by 
Dutton et at. Boyd, Bruce and Tedford (Nature, 210, 719, (1966)) have also 
reported similar measurements. It was found that even at these high values of pd 
'he generalised Townsend equation was capable of correctly describing the 
observed spatial growth of current. 

Further Reading 

Du «on. J., Haydon. S. C, and Llewellyn Jones, ¥.,Proc. Roy. Soc. A213, 203, 

(1952). 
Llewellyn Jones, F., Ionization and Breakdown in Gases, Methuen, (1966). 
Du 'ton, J. and Morris, W. l..Brit. J. Appl. Phys. 18,1 1 15, (1967). 
B °yd, H. A., Bruce, F. M., and Tedford. D. J., Nature 210, 719,(1966). 
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Electrical breakdown of gases. 
Part 1: Spark mechanism in air 

F. LLEWELLYN JONES AND A. B. PARKER* 



Introduction 

There is at present no satisfactory quantitative explanation of the electrical break- 
down of gases at values of the parameter pd greater than about 1 50 to 200, where 
p is the gas pressure in millimetres of mercury and d the electrode separation in 
centimetres. This means that important practical cases such as the electrical break- 
down of a I cm gap in the atmosphere is not explained by currently accepted theory. 
Electrical phenomena in gases at high values ofpd are of considerable practical 
interest owing to the increasing use of compressed gases for insulation in high- 
voltage apparatus in nuclear physics research and in power engineering. 

There are no reliable data concerning the ionization coefficients (representing 
collision processes involving electrons, ions, photons, etc.) by which conflicting 
theories can be tested when pd is large. For low values of pd, however, such that 
the sparking potential in most gases is less than about 2000 V, a satisfactory and 
generally accepted explanation of the static breakdown mechanism can be given 
in terms of elementary processes such as ionization by collision with electrons, 
photo-ionization, secondary emission from the cathode due to positive ions, 
photons, excited atoms, or ionization by other more complicated processes. Under 
these conditions both theory and experiment show that the growth of a small 
initial photoelectric current / from the cathode in a uniform electric field E may 
be represented by the well-known Townsend relation 

/ = / exp(<w/)/[l -(w/tt){exp(orf)- 1}1, (0 

where a is the primary coefficient representing ionization by electrons, and (o>/<*) 
is a generalized secondary coefficient representing any or all of the secondary 
processes. This representation is possible because the well-known secondary 
processes, whether due to photons, ions or metastable atoms, all lead to an 

•Reproduced from Proceedings of the Royal Society, A2I3, 185, (1952) by permission of 1 
Council of The Royal Society, London. 



expression of the analytical form of equation ( 1 ). Any gaseous photo-process may 
be neglected at low pressures in comparison with the other secondary processes. 
On this theory the breakdown potential V s of the gas is given by 



= I - JK V s /pd) [exp {/( V s /pd) pd}- 1 J, 



(2) 



and can therefore be calculated from data giving a as a function /of VJpd, and 
u /a as a function g of V s /pd and the cathode material. On the other hand, for 
sparking at high values of pd, while a has been determined in the usual way, 
previous work in this field has yielded no determinations of (to/a) in spite of 
repeated attempts. The reason for this failure will be explained below. As a result, 
no satisfactory explanation of the mechanism of static breakdown at high values 
of pd has been formulated when that based on equations ( 1 ) and (2) has been 
rejected. Clearly, the a process alone in a uniform field is inadequate to account for 
breakdown. The conclusion that equations (1) and (2) are inapplicable at high 
values of pd in uniform fields has led to the introduction and wide acceptance of 
other theories known as streamer theories based on the assumption that the pre- 
breakdown ionization currents do not follow equation (1) (see Raether, Paper 3; 
Meek, Paper 5: Loeb and Meek. 1941 ). It is the purpose of this paper to show that 
this assumption is not in accordance with the facts, and that experiment shows 
that the static breakdown process in air at high values ofpd, corresponding to a 
I cm spark in the atmosphere, is in fact in full agreement with the relations (1) and 
(2). 

The paper describes investigations on the growth of small ionization currents 
involved in the pre-breakdown mechanism in air in uniform fields at high values of 
pd, in particular, at these values of li/p (39 to 45 V/cm/mm Hg) and of pd 
(» 800 mm Hg cm). There are many reasons, however, why air is not the most 
suitable gas to use when investigating the fundamental processes. Air is a mixture 
of gases with different ionization and excitation potentials, and the passage of 
high-energy electrons can cause the formation of oxides of nitrogen; but, above 
all, the main disadvantage is the oxidation of the cathode in the presence of air, 
and the consequent variation in the surface electrical properties (Llewellyn Jones, 
1949). Nevertheless, air was the first gas to be investigated in these experiments, 
partly because previous experiments on measurements of the ionization coefficients 
Bl high values ofpd have been carried out in air, but mainly because of the import- 
ance of that gas as a general insulator, whether in the open atmosphere or at high 
pressure in enclosed equipment. Further, the lightning flash is a natural example 
Of the electrical breakdown of air at very high values ofpd which still awaits full 
explanation. 

Before describing the experiments, it is necessary to analyze the results of 
previous work on the growth of photoelectric currents at high pressures, as it was 
mainly on the results of such work that some present-day theories of breakdown 
have been based (Loeb, 1939). 
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Previous experimental data on ionization coefficients 

Four experimental investigations (Paavola, 1929; Masch, 1 932; Sanders, 1932; 
Hochberg and Sandberg, 1942) have been made of the breakdown of air at high 
values of pd. The methods employed were similar to that used originally by 
Townsend: the growth of an initial photoelectric current / with electrode spacing 
d, was measured under uniform electric fields E at various values of E/p; log / was 
then plotted against d for constant values of E/p. The slope of the straight portion 
of the graph gave a; where the graph was not linear, (to/a) could be determined 
by inserting known values of/, / , a and d in equation (1). It is necessary to 
consider tliis previous work in detail. 

Paavola's results 

Paavola first attempted to measure the coefficients with an open-air spark-gap, 
but he found that consistent results could not be obtained, and this he attributed 
to the variable water content of the air. He later used an enclosed spark-gap with 
dry air at nearly atmospheric pressure, with electrode spacings up to 5 mm. He 
could not measure a when E/p < 30 V/cm/mm Hg. Further, he could not detect 
any departure from linearity of the graph of log / against d for the important 
region when E/p = 40-4 V/cm/mm Hg, which is the value corresponding to a spark 
in the atmosphere. At higher values oiE/p he did, in fact, obtain values for (w/tt) 
which, however, he stated were not constant at a fixed E/p; i.e. the value of (co/a) 
obtained by inserting the measured values of/, / and d and the calculated value 
of a into equation (1) depended upon d. Consequently, it has been suggested 
(Loeb, 1939) that the non-linearity of the curves of log/ against d for the larger 
values of d obtained by Paavola was, in fact, due to space-charge distortion 
because of the high current densities used in his investigations. The values of I 
given in his graphs are =» 10~ 12 A, and the area of the cathode illuminated by 
ultra-violet light was 4 cm 2 . Consequently, Paavola's data are unsatisfactory until 
further information is available. 

Masch 's results 

Masch used two ionization chambers; the first forp < 760 mm Hg was that used 
by Paavola; and the second was used for higher pressures. He measured the 
current / by determining the voltage drop across a resistor of known value 
(10 9 to 10 11 £2) in series with the spark gap. / was of the order of 10" 12 A, and 
the area of the cathode illuminated was 4 cm 2 in the Paavola spark gap, while the 
area was not given for the chamber used for high pressures. Masch measured a for 
air at pressures from 1 mm Hg to 2 atm for 500 >E/p > 31, but no values of 
(co/a) were recorded, and since no values of pressure are given for air, it is not 
possible to decide whether a secondary coefficient could have been detected from 
his measurements. 

Sanders' results 

Sanders measured / in air contaminated with mercury vapour by measuring the 
potential to which a condenser C in series with the spark gap was cliarged in a 



known time (10 s). The anode was disconnected from the voltage supply before 
the condenser was connected to the Dolazalek electrometer used for measuring 
the voltage across C in order to avoid induced potentials. The current / was about 
10" 12 A, and the area illuminated was a rectangle 3x6 cm, and o was measured 
in air at 380 mm Hg for 20 < E/p < 36-5 V/cm/mm Hg. The most important 
conclusion reached by Sanders was the fact that there was no discernible secondary 
coefficient in his experiments, even when he was 'within 2% of sparking'. From 
this result it has been widely concluded that no secondary ionization process occurs 
in air when£"/p =» 40 (Loeb, 1939, pp. 371 and 407). If this were true, then it is 
clear that high-pressure sparking requires some entirely new ionization mechanism, 
which is not based on the relation (1). Consequently, it is necessary to examine 
very closely the data upon which this assumption is based. 

At E/p = 36 V/cm/mm Hg, Sanders found that et/p was 0-0082; and if this value 
is inserted in the Townsend criterion for sparking, with pd = 5000 mm Hg cm 
(Whiiehead, 1926), it follows that (u/a) = exp (- 00082 x 5000) = exp (- 41). 
Now if 



and 



1 1 =/ exp(arf), 
I 2 =I exp (<*/)/[ 1 - (w/a){exp (ad) - 1}], 



then the fractional difference between these two values of gas-amplified current 
(/ 2 /,)/y 2 =(w/a){exp(ad)-l}. 

The possibility of measuring this fractional difference depends on the magnitude 
of (co/a) {exp (ad) - 1}, which must not then be negligible compared with unity. 
In Sanders's experiments, when d was 2-5 cm, ad was 7-8, so that 

(/ 2 -/,)// 2 =exp(-41)exp(7-8) 

= exp (-33-2), 

which was so small as to lie outside the possibility of measurement. Therefore, if a 
secondary process were actually occurring in his experiments, Sanders would not 
have been able to detect it under the conditions of his experiments because his 
electrode separation was never close enough to the sparking distance. Consequently, 
the fact that he was unable to record a value of (co/a) is no evidence against its 
existence. 

Hochberg and Sandbergs ' results 

The range 38 < E/p < 45 V/cm/mm Hg was investigated at a pressure of 
300 mm Hg, with a maximum electrode separation of 8 mm, i.e. pd was 
240 mm Hg cm. The details of the methods employed to measure the current and 
voltage are not given in their paper, but a circuit diagram indicates that the methods 
°f generating the voltage and its measurement are similar to those employed 
previously by Paavola. The initial current / was 10~ 12 A and the area illuminated 
was 1 2 cm 2 . Calculation shows that with E/p = 45 V/cm/mm Hg the sparking 
distance at 300 mm Hg was 1 -3 cm, and that /,// 2 for d = 0-8 cm was 99-5%, and 
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it is probable that this 0-5% change in current would be within the limits of their 
experimental error. Therefore it was not possible for Hochberg and Sandberg to 
detect a secondary coefficient in their experiments. The values of a/p given by 
Masch and those of Sanders agree while those of Hochberg and Sandberg and 
Paavola are also in fair agreement; there is no good agreement, however, between 
the two pairs of results. Therefore, no determinations of a/p exist confirmed by 
several independent workers. It is probable, also, that all results of the above 
experiments to date are for air contaminated with mercury, as the precautions 
taken to prevent contamination were not published. 

Conclusion 

In spite of the amount of work done previously on the high-pressure breakdown 
both theoretical and experimental, and in spite of widely accepted views to the 
contrary, no reliable data exist to show whether or not the growth of photoelectric 
currents at high values of pd follow the relation (1), i.e. whether the graphs of log/ 
against d are linear or not right up to the sparking distance. 

Consequently, experimental investigation of the growth of photoelectric current 
at high pd, and also the measurement of the ionization coefficients, must form an 
important first step in the investigation of the breakdown mechanism of gases at 
high pressures. The design, construction and operation of an ionization chamber 
with which such an investigation has been carried out will now be described. 

Apparatus and procedure 

Factors governing general procedure 

Measurement of a and (co/a) involves the determination of four parameters, 
viz, pressure, voltage, current and electrode spacing. The following description of 
the design of the apparatus shows how this is done; but the optimum experimental 
conditions of electric force, pressure, electrode separation and current density for 
measurement of a and (co/a) will first be discussed. According to previous data 
(Whitehead, 1926) the value of V, when E/p = 40 V/cm/mm Hg is 40 kV, and the 
corresponding value of pd is 1000 mm Hg cm; so that for an electrode separation 
of 5 cm the pressure must be 200 mm Hg. The effect of the secondary process 
(uj/q) can only be observed experimentally when (/ 2 — /j) is greater than the 
experimental error in measuring / 2 . To fix ideas, let this be 10% (previous 
published data indicate possible experimental error of this magnitude in the 
determinations of/); then the effect of a secondary process would not be observed 
unless 

(/ 2 /,)// 2 = (w/o) { exp (ad) - 1 } = 01 . 

The values of the factor (w/a) exp (ad) for values of d up to 5 cm when 
E= 8000 V/cm andp = 200 mm Hg, are given in Table 1. 

It is clear that, under these conditions, the influence of the factor (co/a) can only 
reach a measurable value over the comparatively short range of electrode separation 
from 4-3 to 5-0 cm. Thus, any secondary effect does not become significant until 



Table I - Values of (u>/a) exp (ad) for Various Values of d. at (A/p) = 40 V/cm/mm Hg and 
p = 200 mm lip. Sanders' Values of (alp) are used 



electrode separation 2 3 4 

(w/«) ( cxp (<*0 - 1-23' xl0- J 3-4 xlO" 5 018 0-25 0-35 0-49 068 10 



4-5 4-6 4-7 4-8 4-9 5 

(spark) 



gas-amplified currents are measured at electrode separations which are within 20% 
of the sparking distance. 
Tlie ionization chamber 

This should, if possible, satisfy the following conditions: 
(i) A uniform field must exist between tlie electrodes throughout the region 
where the electron stream moves; thus the electrode diameter/) must be greater 
than three times the maximum electrode separation. 

(ii) It must be possible to determine the separation d to the same high 
accuracy as the pressure measurement. 

(iii) The electrode which received the measured ionization current must be at 
low (earth) potential; also, it must be highly insulated. 

(iv) It is an advantage to have the low potential electrode the movable one, 
and to have the electrode which receives the measured current as small as possible, 
in order to reduce the chance of picking up stray charges. 

(v) Pressures up to 1 atm are to be investigated initially, but in later work 
now being planned, pressures up to 3 atm will be investigated; hence the ionization 
chamber was designed to withstand these high pressures. 

(vi) It should be possible to view the interior of the chamber in order to 
observe sparks. 

(vii) The chamber should if necessary be able to withstand temperatures of 
more than 1 00° C, in order to assist the driving off of absorbed gas, particularly 
water vapour. 

(viii) Screw gauges for measuring the electrode separation should be external 
to the envelope and easily detachable, in order to be unaffected when the apparatus 
is heated. 

(ix) The source of ultra-violet light should preferably be at the low potential 
end to avoid the necessity of electrical insulation. 

All the above desirable conditions cannot be satisfied together; and in practice 
condition (ix) was relaxed in order to permit the cathode to be at earth potential. 

The design of the ionization chamber, which was constructed in the laboratory, 
is shown diagrammatically in Figure 1. A large boro-silicate glass flange F with ends 
ground flat formed a basis for the envelope. This was mounted on a mild steel 
base-plate P, and the seal made vacuum-tight by a rubber gasket G, coated on each 
side with a thin layer of silicone grease. The cathode C was insulated by means of 
three quartz rods and mounted on a cylinder S which screwed into the base-plate. 
The electrode separation was varied by turnings externally, and electrical contact 
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re 

Figure I. Ionization chamber. 

was maintained with C by a wire W through the seal Te in a glass tube which was 
itself sealed to a copper tube. The anode A was screwed on a mild steel cylinder M. 
The upper flange D of the anode support M rested on the top of F, and the seal 
was made vacuum-tight by a silicone-grease-coated rubber gasket. Ultra-violet light 
was admitted into the chamber through a quartz window inside the spherical 
terminal T, and the window Q was joined by means of a graded seal to a Pyrex 
tube Py which was joined to a copper tube Cu, silver-soldered into the base of 
cylinder M. 

The maximum diameter of electrodes which could be constructed from available 
pure nickel sheet was 1 5 cm, so the maximum electrode separation which could 
be employed was 5 cm. Electrodes with a Rogowski profile were used; and an 
investigation of a full-scale cross-section of the electrode system in an electrolytic 
bath showed that the field was uniform between the important central plane 



portions at all electrode separations. As the ultra-violet light fell on an area of the 
cathode of only 0-4 cm radius, the motion of photoelectrons took place in a uniform 
field. The electrodes were hollow so that their mass would be as low as possible to 
facilitate out-gassing, and were constructed from 3/16 in. sheet nickel. Nineteen 
holes, each 1 mm diameter, were drilled in the centre of the anode, inside a circle 
of 8 mm diameter, to admit the ultra-violet light to the centre of the cathode. The 
plane portions of the electrodes could be made parallel by adjusting the quartz 
supports. The electrodes were buffed, and the plane portions were rubbed with 
emery paper, finishing with the 0000 grade and finally polishing with alumina. 

The electrode separation was measured by means of a micrometer X supported 
by a mild steel framework Y fastened to the portion E of the base-plate. The 
cathode was raised until it made electrical contact with the anode, and the micro- 
meter was then screwed up to touch the base of the cylinder S; this was taken as 
zero separation. The micrometer scale was then set to the required electrode 
separation, and the cylinder 5 unscrewed until its base made contact with the 
micrometer shaft. The micrometer could be read to 1/200 mm so that changes of 
0-5 mm in the electrode separation were the smallest which could be made with 
sufficient accuracy. The framework F was easily removable, so that no damage to 
the micrometer would occur in any outgassing processes. 

Gas system 

Great care was taken to exclude mercury vapour from the ionization chamber 
and the gas system. An oil-diffusion pump was used to evacuate the chamber, and 
low pressures were measured with a Pirani gauge. High pressures were measured by 
a specially designed mercury manometer from which mercury could not diffuse. 
The column bore was 3 mm while that of the reservoir was 100 mm, so that the 
movement of the mercury surface there was less than 0-5 mm. This mercury 
surface was covered with a layer of silicone vacuum oil 15 mm thick, and as a 
further precaution against the diffusion of mercury vapour the manometer was 
separated from the gas system by a trap containing tin foil. No movement of gas 
from the manometer to the system was allowed; flow was always from chamber 
to manometer from which it could be evacuated by a subsidiary pump. The air 
used in the experiments was carefully filtered and dried over phosphorus pentoxide. 

Voltage supply and ionization current measurement 

Since a increases very rapidly with the field, it was most important that the 
voltage supply should be extremely steady. The mains were unreliable because of 
switching surges, so the power supply was taken from an ex-Admiralty 500 Hz 
motor-alternator fitted with a carbon-pile stabilizer and driven by large accumu- 
lators. The circuit used was a voltage doubler employing two rectifiers rated at 
• 25 kV peak inverse and fed from a high-voltage transformer through a Variac. 
The smoothing circuit consisted of a bank of ten 025 iiF condensers in series, 
centre-tapped for voltage doubling, and followed by a filter circuit consisting of 
a 1 MJ2 resistor and a bank of four 0-5 uF condensers in series. Calculation showed 
that any ripple was negligible (< 10~ 4 %), and, in fact, no ripple could be detected. 
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On the other hand, slow fluctuations of voltages of approximately 4 x 1 0~ 2 % still 
remained, being the limit of stability of the motor-generator and battery. The 
power supply was connected to the anode through a 5 MSI resistor to limit the 
current in the event of sparks passing. 

Corona losses, which caused variations in the anode potential, were eliminated 
by careful distribution of electric stresses over the glass envelope F with colloidal 
graphite, covering sharp edges with plasticene. and also by using large spherical 
terminals. 

The most direct method of measuring the anode potential was to measure the 
current through a high resistance in parallel with the source, but to avoid excessive 
potential drop across the smoothing resistor the current drain had to be small, say 
I mA. when the anode potential was 100 kV. A study was made of the small 
variation in the resistance of the cracked carbon-type resistor under load, and the 
cause was found to be the rise of temperature due to Joule heating; variation of 
resistance was eliminated by immersing the resistor in circulating oil. The completed 
high resistor consisted of a chain of a hundred 1 MJ2 cracked carbon resistors 
mounted in a glass tube in the form of a large W through which oil was pumped. 
During use the change of resistance was approximately 10 ' %. The voltage 
(=» 300 V) developed across the last resistor in the chain at the earth end was 
balanced against an equal voltage produced by a subsidiary stabilized source 
connected across a standard resistor acting as a potentiometer; a known small 
fraction of the voltage was balanced against a standard cell. Thus the total high 
potential of the anode was given directly in terms of the voltage of the standard 

cell. 

The ionization currents were measured by a screened electrostatic balance and 
a Dolezalek electrometer, by which the cathode was maintained at earth potential 
while the currents passed. Unavoidable electrometer drift set a lower limit 
( — 5 x 10~ 14 A) to the current which could be measured to the required accuracy 
by this electrometer system, but the practical lower limit to the ionization current 
which could be measured was set, not by this, but by the degree of stability of the 
power supply. Any variation of anode potential Kwas distributed between the 
capacity of the electrodes ( 1 cm) and that of the electrostatic balance (200 cm). 
A variation of 004% when V was 30 kV meant that the potential of the anode 
in the chamber changed by 12 V, which consequently produced a change of 0-6 V 
on the electrometer. This change, occurring over the maximum time ( 1 20 s) taken 
to make a current measurement, was equivalent to a current of I0~ 12 A, and this 
represented the limit to the current which could be measured in this way. 

This limitation had an important bearing on the range of electrode spacings at 
which the ionization currents could be measured. It is usually considered that 
space-charge distortion is likely with currents > 10~ 8 A. Hence, in order that the 
gas-amplified currents at the large electrode spacings near the sparking distance 
should lie within the measurable range 10"' 2 -10" 9 A, it was necessary to employ 
very low initial photoelectric currents of 10~ 15 A. Currents in the range 
10 _15 -10~ 12 A, obtained with the lower range of electrode spacings, could not 
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then be measured with the same apparatus as that used for the higher amplified 
currents in the vicinity of the sparking distance. This, however, was no great 
disadvantage, since / (= / exp (- ad)) could be calculated from the value of the 
currents/ obtained at the larger spacings in the range when the graph of log / 
against d was still linear. Only a rough check on the value of /„ was possible by 
using anode potentials of about 100 V obtained from accumulators and measuring 
i when the chamber was evacuated. 



pie initial photo-current 

Tests with a photo-cell showed that the intensity of the ultra-violet light from 
the mercury arc was constant within the required limits, but measurements of the 
initial photo-current / from the cathode in the ionization chamber was steady to 
Within about 3% only over a period of some hours. Clearly this was insufficient. 

Since it was of the greatest importance that / should be constant throughout 
any given set of measurements of / at various electrode separations d. considerable 
attention was paid to the state of the cathode surface and the constancy of I at 
all stages of the measurements. Although over a period of many weeks / gradually 
changed, it was found that when the cathode had been cleaned and polished and 
only small currents passed, still less any sparking permitted, / remained constant 
within the required limits during experiments lasting several days. In vacuo, I was 
independent of the anode potential, and with gas pressures up to 200 mm Hg, l 
was independent of the electrode separation indicating that absorption of the ultra- 
violet light by the air in the chamber was negligible. 

When d exceeded 30 cm, the values of / during any series of measurements 
increased progressively. In a typical set when d was 30 cm, / increased from 
1-14 x I0" 10 to l-82x 10" 10 A in a set of seven determinations at 30 s intervals. 
Experiment showed that such increases depended only on the previous passage of 
large ionization currents; but no current from the cathode could be detected unless 
the cathode was being irradiated, showing that no effects due to a delayed cathode 
emission were taking place (Paetov, 1939; Llewellyn Jones. 1949). When d was 
35 cm, so that higher gas-amplified currents were passing, / increased from 
1-5 x 10" l0 to 4-0 x 10~'° A after the maintenance of the current for 5 min. Clearly 
this effect, which will be discussed further below, was due to alteration of the 
cathode surface produced by the high gas-amplified ionization currents produced 
when d was near the sparking distance, and this effect was one of the difficulties 
inherent in the use of air which caused progressive change by the oxidation of the 
cathode under the action of positive ion bombardment. On the other hand, it was 
found that if only three successive determinations of the current were made at any 
given value of d in a time of about 1 -5 min, and if an interval of about 10 min 
elapsed between measurements at different electrode spacings, then the general 
■"crease of/ with successive determinations did not occur, and repeatable 
^terminations of the currents could be made at all distances up to die sparking 
distance. 
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Currents were measured at 200 mm Hg air pressure for electrode spacings from 
1 to 38 cm in steps of 1 mm, using values of anode potential up to 30 kV, of pd 
up to 760 cm mm Hg, and of E/p from 39-45 V/cm/mm Hg. 

Results 

Typical results are given in Figure 2, in which log/ is plotted against d. Two 
conclusions clearly follow: 

(i) when d has low values, the log/ d relationships are linear, in agreement 
with all previous investigations in this field; and 

(ii) when d approaches the sparking distance d, distinct departures from 
linearity occur, the current increasing faster than exponentially. These curved 
sections near the sparking distances lie well outside the experimental spread in the 
determinations of the current at any given electrode spacing.* 
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Figure 2. Log / - d relations for air for values of E/p from 39 
to 45 V/cm/mm Hg. Values of / are indicated on the curves. 

Analysis of these graphs consists of finding whether they can be represented by 
equation ( 1) for certain values of / , a and (to/a) at any given value of E/p. When 
the secondary ionization coefficient (co/a) is small (say < 10~ 4 ), the term 
(co/a) exp (ad) is negligible compared with unity at the smaller values of d, and 

• An advance notice of this result was published in Nature (Llewellyn Jones and Parker, 
1950). 



then the log / - d graph is a straight line of slope a and the intercept on the axis 
is log V Tne graphs of Figure 2 can be represented very well by equation (1) for 
the values of the constants and parameter E/p given in Table 2. The curve for 
gip = 45 was too short for accurate analysis; in this case therefore Masch's value 
for o was assumed and / was taken to be the same as that found in measurements 
with E/p = 40 made just before those for E/p = 45. 

Tabic 2- Experimental Values ofl , a/p, (oj/q) and Calculated Values ofd, for Various Values 

of E/p when p = 200 mm llg 
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77ie sparking criterion 

When the growth of the initial current / follows equation ( 1) the electrode 
spacing d, at which the current becomes self-maintained and independent of / is 
given by 

^orMogO/fw/a:)), 

and from this the sparking potential V^=Ed s ) can be obtained. For reasons given 
above, sparking was permitted only very infrequently and only when values of V, 
were required; this was to avoid unduly affecting the cathode surface by the spark 
current. When the cathode surface was stable, and at the termination of a set of 
current measurements, the electrode spacing was gradually increased until a spark 
occurred; the potential was then noted. The theoretical and observed values of the 
sparking potential thus obtained are plotted against pd in Figure 3; it can be seen 
that within the experimental error they are exactly the same. In the measurements 
at E/p = 40 with / = 20 x 10" ls A the cathode was becoming unsteady as d 
increased, so V, was not measured. 

Significance of the results 

The most important result of these experiments is the support they furnish to the 
view that the original Townsend-type equation (1) for the growth of the photo- 
electric currents holds for values of E/p in air in the range 39 to 45 V/cm/mm Hg; 
'his is a range which corresponds to sparking potentials from 12 to 30 kV and values 
°f Pd up to 760 mm Hg cm. This fact has never previously been established. 

This view (that there is no secondary ionization coefficient (Loeb and Meek, 
'941)) is not confirmed by the present experiments; on the contrary, a clearly 
defined departure from linearity of the log„ I - d curves occurred when the voltage 
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Figure 3. Calculated (x) and observed (O) sparking potentials 
in air. 



across the gap was within 2% of the sparking potential. The failure by Sanders and 
others to observe a secondary effect at these values of E/p was due to the fact that 
no measurements of the currents / were made at voltages which were less than 2% 
below the sparking potential, as the analysis, given above, has indicated. With the 
apparatus used in the present investigation, currents could easily be measured at 
voltages which were only 0-5% below the sparking potential. From present measure- 
ments given in Figure 2 it is seen that no departure from linearity occurred in the 
log / - d curve until the electrode separation reached at least 80% of the sparking 
distance. Figure 3 shows that the observed values of sparking potentials agree with 
those calculated from equation (2) well within the limits of experimental error. 

The significance of these conclusions may be seen by referring to the discussion 
of current theories of spark breakdown. The two theories of breakdown (viz. the 
theory based on the rapid development of currents by primary and secondary 
ionization processes, which is generally accepted for low values of the parameter 
pd less than about 200 mm Hg cm, and 'streamer' theories of Raether and Loeb 
and Meek, based on the sudden introduction of space-charge phenomena and photo- 
ionization of the gas, and proposed for the higher values of pd greater than about 
200 mm Hg cm) must now be re-examined in the light of the present results. 



The absence of any experimental values for a secondary coefficient (<o/a) was 
on e of the main reasons which led to the formulation of the streamer dieory of 
static breakdown, but the present experimental results show that Townsend's 
equation does, in fact, hold for electrode separations, right up to sparking under 
static electric fields at comparatively high values of the product pd («= 760 mm 
He cm), i.e. well within the range for which it has been assumed that the Townsend 
theory fails and the -streamer' theory is necessary. Further, in this range of pd the 
Townsend theory can predict values of sparking potential from the values of the 
ionization coefficients obtained from measurements on pre-breakdown currents, 
a procedure which is not possible on the present streamer theories. This fact 
supports the view that the actual electrical breakdown of the gas is a continuation 
of the process of the growth of the pre-breakdown ionization currents according to 
the relation (1). 

Nature of the secondary ionization in air at higli pressures 

It is of interest to consider whether any conclusions can be drawn from the 
present work about the nature of the secondary ionization processes (Thomson 
and Thomson, 1933). Evidence that the secondary ionization observed in the 
present work must in part be due to secondary emission from the cathode is 
furnished by the following considerations. The constancy of the light emitted by 
the mercury-arc source was established by regular measurements with a photo- 
electric cell during the experiments; but Table 2 shows that, in these experiments, two 
values of /„, viz. 6 x 10"' 5 and 20 x 10" 14 A, were obtained by photo-emission at 
the cathode when E/p was 40 V/cm/mm Hg, although the incident light intensity 
remained constant; this change in / was doubtless due to a change in the nature of 
the cathode surface which occurred during the course of the experiments. The fact 
that the photoelectric properties of the cathode surface could be changed by the 
passage of a small current between the electrodes was demonstrated during the 
experiments on die photography of the spark discharge; after the passage of a low- 
current (= 20 pA) discharge for some minutes during the course of those experi- 
ments, it was noticed that the photoelectric sensitivity vanished, and examination 
showed that the cathode was covered with a very thin oxide film (interference 
fringes were clearly visible). Removal of the film from the cathode surface restored 
its photoelectron emissive properties, so that it is reasonable to suppose that the 
presence of this oxide film was the cause of the photoelectric insensitivity. The 
continual formation of oxide layers on the nickel cathode is an unavoidable con- 
sequence of the use of air in these experiments; positive ions of oxygen react with 
the cathode to form such oxide layers, and this is a great disadvantage in any study 
of cathode ionization processes in the spark discharge. For any such study a more 
inactive gas, such as nitrogen, or a monatomic gas, is desirable. Nevertheless, the 
fullest possible information on the spark mechanism in air is necessary, as pointed 
°ut above, not only because most published data on spark breakdown at high 
Pressures have been obtained with air, but also because of the technological 
a Pplications of that gas as an insulator. 
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Consider now the values of the secondary coefficient (co/a) obtained from the 
growth of a photoelectric current in two cases when there was reason to believe 
that the nature of the cathode surface had changed. Table 2 shows that when E/p 
was 40 V/cm/mm Hg, / was 6 x 10" u A, (co/a) was 2-3 x 10" 5 ; and it can also 
be seen that when I had increased to 20 x 10"' 4 A (due to a change of the photo- 
emissive properties of the cathode surface), (co/a) had also increased to more than 
1-5 x 10" . Thus, when the number of photoelectrons produced per second at the 
cathode surface by a source of constant intensity was increased (because of a 
change in the nature of the surface), the value of the secondary coefficient also 
increased. This result is evidence for the view that the secondary effect (co/a) is in 
part due to secondary emission from the cathode (photoelectric effect and/or 
positive-ion bombardment). 

It is now necessary to discuss the important result of the preliminary experi- 
ments described above in the section on apparatus and procedure, because its 
interpretation confirms the view that the secondary effect is in part due to 
secondary emission from the cathode. Those preliminary results showed that for 
values of electrode separation near the sparking distance, the continual passage of 
a gas-amplified current resulted in a continual increase in /. It is important to note 
that such a gradual increase of /with passage of current (the other factors E/p and 
d remaining constant) was not observed for electrode separations less than about 
70% of the sparking distance when the total current / was low (=» 10~ 12 A), the 
gradual increase only occurring when the total current / was large (» 10~ 9 A) and 
a pronounced secondary ionization could be detected by the upcurving of the log/ 
graph. It is unlikely that the incidence of radiation would greatly affect the cathode 
surface, but, on the contrary, it is easy to see that positive ions, especially of 
oxygen, can produce profound changes in the cathode surface owing to the 
formation of thin oxide films. It is significant, therefore, that the increase observed 
in / took place only when a pronounced cathode emission was also taking place. 
If. as seems reasonable, the change in the cathode surface was produced by the 
action of positive ions, it is now necessary to consider how such a change could 
increase the gas-amplified current /. 

It has been shown that the above passage of even small pre-breakdown currents 
in air leads to the formation of thin oxide layers on the cadiode, and the electron 
emissive properties of such oxide films in discharges have been studied in this 
laboratory (Llewellyn Jones, 1949: Llewellyn Jones and Morgan, 1951). It has been 
established that greatly enhanced electron emission from the cathode under an 
electric field can be produced in the presence of thin films. The mechanism of the 
process, briefly, is that positive ions are swept to the cathode, fall on the outer 
surface of the thin partly insulating oxide film, and thus set up an intense local 
electric field at the cathode surface. This field may extract electrons from the 
metal, or provide electrons at the oxide surface from which they would easily be 
removed by bombardment by other positive ions. Thus, enhanced electron emission 
takes place as a result of positive-ion bombardment. The net result is, therefore, an 
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increase in the gas-amplified current / owing to an effective increase in (co/a). Such 
an increase in current could only be observed in that section of the current-distance 
curve where the secondary effect contributes significantly to the total current, i.e. 
near the sparking distance. This is just what was observed. Thus the formation of a 
thin oxide layer on the cathode can affect the measured current in two ways. First, 
it can produce a reduction in/ by reducing the photoelectric efficiency of the 
cathode surface; and, secondly, it can produce an increase in the gas-amplified 
current at electrode separations near to the sparking distance owing to enhanced 
secondary electron emission from the cathode, this enhanced emission being due 
to the positive charge acquired by the oxide surface. There is this difference, how- 
ever; the change in / (due to a change in cathode surface) is gradual and semi- 
permanent, while the effective increase in (co/a) is instantaneous and only occurs 
when the positive-ion current flowing into the cathode is large, just as was observed. 

The present experiments in air give no direct information about the relative 
magnitude of the two cathode secondary processes; but a rapid variation of (co/a) 
with E/p is usually taken to indicate the presence of photo-electric emission due 
to the incidence of photons from the electron avalanche (Llewellyn Jones and 
Davies, 1 95 1 ). The values of (co/a) given in Table 2 are in accordance with the view 
that some photoelectric emission, as well as emission due to the bombardment by 
positive ions, played some part in the secondary ionization processes represented 
by the coefficient (co/a). 

Conclusions 

The most important conclusion derived from the present results is that the pre- 
breakdown growth of ionization currents in air in uniform electric fields can be 
represented by the relation (1) in the range of spark parameters which corresponds 
to sparking potentials between 12 and 30 kV and values of pd from 300 to 
760 mm Hgcm. 

The results of previous measurements of gas-amplified currents at high pressures 
have been misinterpreted; it has been widely assumed that because no departure 
from linearity of the log/ - d curves had been obtained in previous measurements 
no secondary ionization process existed to amplify the pre-breakdown current and 
lead to the spark. 

The agreement in the present experiments between calculated and observed 
sparking potentials is consistent with the view that static spark breakdown at high 
values of the parameter pd is brought about by the same mechanisms as amplify 
the pre-breakdown current, i.e. by primary and secondary ionization processes in 
uniform fields. 

The experiments support the view that in uniform fields cathode emission plays 
an important part in the secondary ionization process, and that in air it is probable 
that emission is produced both by the incidence of photons and of positive ions. 
Further elucidation of this question requires the investigation of the growth of 
currents in pure non-active gases. 
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Introduction to Paper 7 (Fisher and 
Bederson, 'Formative time lags of spark 
breakdown in air in uniform fields at 
low overvoltages') 

After the pioneering work of Rogowski (paper 2) and others, a number of authors 
studied the so-called 'temporal growth' of ionisation. In particular, the time lag 
which occurs between the application of a voltage greater than the breakdown 
voltage and the occurrence of a spark was examined. 

It is necessary to distinguish between two classes of time lags, (a) statistical 
time lags and (b) formative time lags. The former are caused by the delay which may 
occur before an initiatory electron appears in the discharge gap while the latter 
correspond to the time taken by the discharge to develop after initiation. While 
statistical time lags are obviously variable, formative time lags are calculable for 
given discharge conditions (see papers 8, 9 and 10). 

At the time of the paper by Fisher and Bederson it was widely believed that the 
Townsend mechanism of breakdown held for low values of the parameter pd but 
that for high values of pd this was replaced by the streamer mechanism. Fisher 
(Phys. Rev. 69, 530, (1946)) and Loeb (Proc. Phys. Soc. 60, 561, (1948)) had, in 
fact, suggested that the transition depended not on pd but on p and d separately. 
Fisher and his colleagues attempted to examine the transition region and chose to 
do so by studying formative time lags for low overvoltages, i.e. by applying impulse 
voltages which were fractions of a percent greater than the breakdown voltage. 
Although Fisher and Bederson state in the paper given here that their data were 
inadequately explained by the Townsend theory, their remarks apply when the 
secondary Townsend mechanism is taken as being the release of electrons from the 
cathode by bombardment of positive ions created in the primary avalanche. They 
suggest in the last section of the paper that the observed time lags were more 
accurately predicted by assuming that the secondary electrons were produced from 
the cathode by photons released in the primary avalanche and in fact the analysis 
of Dutton, Haydon, and Llewellyn Jones {Brit. J. Appl. Phys. 4, 170, (1953)) 
confirmed this view. Later measurements by Kachickas and Fisher in other gases 
confirmed that by suitable choice of the nature and magnitudes of the secondary 
mechanisms the Townsend theory could be used to predict time lags in agreement 
with experiment. 

Further Reading 

Kachickas, G. A. and Fisher, L. H.,Phys. Rev. 88, 878, (1952). 

Kohrmann, W., Z. Angew. Phys. 7, 1 83, (1 955) and Ann. Phys. 18, 379. ( 1 956). 

Aked, A., Bruce, F. M., and Tedford, D. J., Brit. J. Appl. Phys. 6, 233. (1955). 



Formative time lags of spark breakdown 
in air in uniform fields at low overvoltages" 

L. H. FISHER AND B. BEDERSONt 



1. Introduction 

The theory of spark breakdown has undergone radical changes in the last ten 
years. 1 " 4 Until 1946 it was commonly believed that in air, 5 the Townsend 
mechanism of breakdown is valid below values of the product of pressure 6 p and 
plate separation d of 200 mm x cm, and that above this value of pd, the breakdown 
proceeds by the streamer mechanism. However, 7 on the basis of an analysis of 
Meek's equation for calculating sparking potentials, it was pointed out that the 
transition of Townsend to streamer mechanism may depend not on the product 
pel but rather on the values of p and el separately. It appeared impossible to study 
the transition by means of sparking potentials. A more hopeful approach seemed 
to lie in the study of formative time lags of spark breakdown. 8, 9 

The formative time lag is defined as the time necessary for a potential difference 
to be maintained across a gap before it breaks down, provided a primary source of 
ionization is present. From mobility measurements it is known that at the sparking 
potential the positive ion requires about 18 ps to cross a one-centimetre gap at 
atmospheric pressure. In 1936. Schade 10 measured formative time lags for the glow 
discharge in neon at very low pressures. He found time lags between 10 ps and 
01 s. Schade could not measure times shorter than 10 /is with his equipment, a 
circumstance of great importance in the subsequent theoretical development of the 
field. But even earlier, and continuing up to the present" there had been observed 
a formative time lag of spark breakdown in air near atmospheric pressure so short 
that the positive ions formed in the gap could not possibly have had time to cross 
the gap. These times have been found to be of the order of 0-1 ps, some observers 
reporting formative times as short as 10~ 3 ps. Thus, the Townsend theory was 
shown to be inadequate at pressures near atmospheric and the streamer theory of 

• For preliminary reports of this work, see L. H. Fisher and B. Bederson, Brookhaven Gas 
Discharge Conference. October, 1948. Phys. Ret: 75, 1324, 1615, (1949), Pittsburgh Gaseous 
Electronics Conference, November. 1949. Phys. Rev. 78, 331, (1950). 

t Reproduced from The Physical Review. 81, 109 (1951) by permission of The American 
Physical Society, New York. 
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|_oeb and Meek, 2,3 and Raether 4 was developed for this pressure region. The 
general impression, with the enormous prestige of the Townsend theory and the 
confirming work of Schade, was that the Townsend theory applies at small values 
ofpd (where the time lags were found to be long), and that the streamer theory 
applies at large pd (where the time lags were found to be short). 

The work reported here was undertaken to determine the transition region. 



2. Apparatus and experimental procedure 

The ionization chamber used in this study was previously employed by Sanders 12 
and Poan 13 for measurements of the first Townsend coefficient in air and nitrogen 
respectively. The chamber was later modified to its present form 14 when it was 
used to measure sparking potentials in air. The chamber was originally constructed 
with the aid of a grant in support of Sanders's research by the National Research 
Council. A description of the chamber may be found in the original papers. 12, l4 
The levelling and polishing of the electrodes, the measurement of electrode 
separation, the admitting and drying of the air, and the measurement of pressure 
were carried out as described previously. 14 All pressures have been corrected to 
22°C. 

In order to avoid the measurement of statistical time lags, the cathode was 
illuminated with ultraviolet light from a d.c. quartz mercury arc. The light was 
focused by a quartz lens and passed through a quartz window in the side of the 
chamber. To determine the photoelectric current /' emitted at the cathode, the 
gas amplified current i was measured with a voltage across the gap of about 10 
percent below the sparking potential V,. An electrometer was used to measure the 
resulting potential drop V across a resistor R inserted in series with the gap. Thus 
V- i exp (ad)R, where u is the first Townsend coefficient as given by Sanders. 12 
Hence the number of electrons n leaving the cathode per second is given by 



n = V/{l-6xlO~ l9 R exp (ad)}. 



(1) 



where all electrical quantities are in practical units. The irradiation was adjusted so 
that at least several electrons were emitted each microsecond, and was large enough 
in nearly all cases to prevent statistical variations in the time lags yet small enough 
to prevent distortion of the electric field. The ultraviolet lamp was on continuously 
during a set of measurements. No elaborate provisions were made for stabilizing the 
d.c. voltage for the mercury arc, since the experimental data were found to be very 
insensitive to small changes in n . 

In order to determine the formative time lags, an approach voltage V ( V < V s ) 
is applied across the gap. Then, at some time, an additional voltage K, (the pulse 
voltage) is applied, where V + K, > V s . The time that V + V x must be maintained 
before the gap breaks down is the formative time lag. 

The circuit diagram of the electronic apparatus is shown in Figure 1. The values 
°f the circuit elements are given in Table 1. 
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Tabic I - Resistances in Megohms and Capacitances 
in Microfarads (unless otherwise noted) 



R, 


o-7 n 


R,o 


20 


R, 


01 


R„ 


2000 n 


R, 


1 


R>i 


25 n 


R. 


20 


«„ 




R> 


1 


R,. 




R t 


100 


R„ 




*7 


iooo n 


R,„ 




*. 


iooo n 


R„ 




R, 


3300 n 






c, 


0-25 


c, 


001 


c, 


0-25 


c. 


001 


Cy 


0-25 


c. 


50 pi' 


c. 


0-25 


c„ 


16 


c, 


0-25 


c„ 


lOOOpF 


c t 


0-25 


c„ 


lOOOpF 



The V power supply is shown in the upper section of the diagram. V is 
measured by R 6 , a bank of five 20-MS2 high accuracy wire wound resistors. The 
absolute value of R 6 is not known, but comparison of sparking potential measure- 
ments with those made at Berkeley 14 in the same chamber with precision Taylor 
resistors indicates that the value of R 6 is known to within one percent. (The 
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Figure J. Circuit diagram. Values of circuit elements are given in 
Tabic 1. 
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present experiment requires relative rather than absolute accuracy.) The ripple in 
y was measured as 0-1 V at 20 kV. The voltage regulation is satisfactory, the 
voltage remaining fixed to within several volts over many minutes. 

The K, power supply (shown in the centre section of Figure I) is capable of 
delivering from to 5 kV, with a maximum ripple of about 0-2 V. The trigger 
circuit is shown in the bottom section of the diagram. 

The delay between the application of the sweep trigger pulse and the start of 
the sweep is about 0- 1 vs. When VT$ fires, VT* also fires forcing the potential of 
the high voltage electrode of the spark gap to fall by an amount equal to the value of 
V, minus the voltage drop in Kr 4 while firing. The voltage across the gap becomes 
essentially equal to V Q + K, in a time determined by the time constant of # 8 and 
the gap capacity. The capacity of the gap (with the low voltage electrode connected 
to the chamber) has been measured as 1 90 pF at d = 1 cm. Thus, the time constant 
for the rise of the pulse (assuming PT 4 breaks down instantaneously) is 0-19 /is; 
with d = 0-3 cm (the smallest electrode separation studied) the time constant is 
0-4 (is. Actually, the time of breakdown of VT 4 is of the order of 0-5 /is, so thai 
the time for the pulse to reach its full value across the electrodes ranges from about 
0-6 to I /is, depending on electrode separation. Because of the long times 
observed in the experiment this rise time can be neglected. The time constant of 
the pulse decay circuit is 0-2 s. Since the present equipment was not used to 
measure times longer than 100/isec, the pulse decay time is unimportant. 

A signal from the pulse across the chamber is picked up on the vertical deflection 
plates of the synchroscope. The delay of several tenths of a microsecond in the 
breakdown of VT 4 is always sufficient to make the start of the pulse visible. When 
the spark gap breaks down, a sharp break is seen on the synchroscope trace. 
Normally, the spark signal has too high an amplitude to be seen. A typical trace is 
shown in Figure 2. The dotted part of the signal is due to the spark current and 
can be seen only when V s is small. 



\ 



Figure 2. Typical synchroscope uace. A- Start of pulse; 
AB-pulse rise; C- beginning of spark; BC-time lag in inches. 



The synchroscope has four sweeps; by using the various sweeps, times from 
about 0-5 /is to 1 00 /is can be measured. The sweeps were calibrated against a 
crystal oscillator. 

After the chamber was filled with air, approximately fifty sparks were passed 
with the V Q supply in order to season the plates. 8,14 After these sparks passed, V s 
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assumed a value which at any given time was very definite, but which increased 
slightly, perhaps by a few tenths of one percent, as the measurements were carried 
out. This small gradual rise is probably due to the warming up of R 6 . At any given 
time, V s was reproducible to within 2 or 3 V. 

After determination of V s , a value of V exactly 2 kV below V s was applied. 
As V s changed, V was adjusted so as to maintain V s - V at 2 kV. (This pro- 
cedure was justified by the consistent results obtained.) V x was then applied, and 
the time lag was read by visual observation. 

The overvoltage AV is defined by AV= V + V x - V s - V ', where V' is a 
correction due to the loss of part of V\ in the circuit. The percent o.v. is defined 
aslOOAK/K,. 

At a selected value of AV and p, about 10 measurements of the formative time 
lag were made. These measurements constitute a run. Runs were made for various 
percent o.v. from about two to as close to zero as possible. The entire procedure 
thus far described constitutes a series, and such series were carried out at various 
pressures and plate distances. Measurements were then carried out to study the 
effect of increasing the ultraviolet illumination; the effect of changing V such that 
V s — Vq was 4 kV was also determined. 

Before each measurement in a run, both V and V x were checked by potentio- 
meter. V s was determined at the start of a run, several times during the run, and at 
the end of the run. In calculating the data, it was assumed that if V s increased, it 
increased linearly with the number of sparks passed. 

Correction for the losses in V, due to the drop in VT 4 and to capacity division 
was made by assuming that for a given V , the lowest value of K, which gives con- 
sistent failures corresponds to AV= 0. The value of V' thus obtained agrees to 
within a few percent with the losses as calculated from the known steady -state 
voltage drop in VT 4 and the measured capacities of the circuit. 



3. Experimental results 

All time lags reported represent the average of the individual measurements of a run. 
The minimum time lag in a run was usually about half of the average time lag, 
while the maximum time lag in a run was about twice the average time lag. The 
spread in the time lags in a run increases approximately linearly with the average 
time lag of the run. Figure 3 shows a typical distribution for four runs at various 
percent o.v. When the average time lag is of the order of tens of microseconds, the 
spread is as large as the time lag itself. However, in not a single case was an 
abnormally short time lag observed. That is, no single measurement gave a time 
lag which was less than about 40 percent of the average time lag. Thus the measure- 
ments represent formative time lags. The fluctuations of the formative time lags 
cannot be explained by the lack of initiating primary electrons. A part, but not all, 
of the fluctuations are due to the electronic errors. The other part of the fluctuation 
is probably inherent in the statistical nature of the spark. 



' 






L. H. Fisher and B, Bederson 



77 







203% O.V. 
"I 1 1 1 1 1 1 1 1 1 1 

II2%0.V. 
-i 1 1 1 1 1 1 1 1 I 1 



I 1 1 r 



1*^ 



68% O.V. 



T 1 I 1 1 1 




045% O.V. 



5 6 



7 8 9 10 II 
lime ( (is) 



~i 1 1 1 

12 13 14 15 



Figure 3. Typical lime lag distribution for four runs, p = 532 
mm Hg,*/ = 1 cm. One square block represents one measurement. 

The time lags as a function of percent o.v. for d = 1 cm are plotted in Figure 4 
for four values of the pressure. The term 'low illumination' signifies that the ultra- 
violet light used to illuminate the cathode was filtered through several thicknesses of 
copper screen to reduce its intensity. The primary current obtained when the 
screens were used varied from about 1 -3 to about 6 electrons//js. The term '2000-V 
pulse' signifies that V was set at exactly 2 kV below V s . The principal feature of 
Figure 4 is that for all values of the pressures studied, the time lags for very low 
percent o.v. are quite long and indeed may increase without limit as the percent 
o.v. approaches zero. As the percent o.v. is increased, the average time lags decrease 
extremely rapidly, and at about two percent o.v., the time lags are of the order of one 
microsecond, in agreement with the results of previous investigators. The measure- 
ments below two percent o.v. represent essentially a previously unexplored region. 

An additional feature of the curve is the lack of dependence of the time lags on 
pressure to within the experimental accuracy of the apparatus. 15 For the four 
values of pressure for which the lags are plotted in Figure 4, the time lags for a 
given percent o.v. are approximately the same. If pressures below several hundred 
millimetres Hg were included in the graph, the time lags would follow the curve of 
Figure 4 until the percent o.v. reaches a few tenths of one percent. As the percent 
°v. is decreased below this value, the time lags do not increase as rapidly as the 
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Figure 4. Time lag M. percent o.v., d = 1 cm. Low illumination, 
2000 V pulse. 

curve in Figure 4. The departure from the curve at small percent o.v. becomes more 
pronounced as the pressure is lowered. These shorter time lags for low pressures at 
overvoltages of a fraction of a percent may be instrumental. (There is an error in 
V x of several volts and for low pressures this error becomes an appreciable per- 
centage of V s , while for high pressures this error is only a few hundredths of a 
percent of V s .) 

Figure 5 contains the data of Figure 4 with the addition of data for d = 1 -4, 
0-6, and 0-3 cm. Here again, there is no dependence of the time lags on pressure. 
It is seen, however, that the average time lags for a given percent o.v. increase with 
increasing gap separation. Figure 6 shows three sections of Figure 5 for 005, 0- 1 , 
and 0-2 percent o.v. It is seen that for a given percent o.v.. the time lags increase 
linearly with increasing plate separation. 

To determine the possible effects of the illumination and of V on the time 
lags, additional data were taken at d = 1 cm and at various pressures. First, the 
copper screens were removed from the path of the ultraviolet light. The primary 
current then ranged from 18 to 20 electrons//js. The time lag curve is identical with 
that shown in Figure 4 to within the experimental error. It can thus be stated that 
for an average primary current of between 3 and 20 electrons/^s, the time lags are 
independent of the illumination. Second, the effect of V was investigated at low 
illumination by changing V Q from 2 to 4 kV below breakdown, and again to 
within the experimental accuracy, the data are identical with those shown in 
Figure 4. 

To determine the reproducibility of the measurements, duplicate data were 
obtained at various pressures for d = 1 cm (low illumination , V s - V a = 2 kV) 
after the entire experiment was completed. The resulting data again coincide with 
the results shown in Figure 4. 




0-50 
% overvoitoge 

Figure 5. Time lag vs. percent o.v. for four values of plate 
separation. Curves represent average of data taken at all 
pressures between atmospheric and about 200 mm llg. Low 
illumination, 2000 V pulse. 

There is an error introduced because of the electronic apparatus, such as the 
ripple in V and K 1( the uncertainty in the magnitude of V y , and the rise time and 
decay of V t . An upper limit of 5 V can be set for the cumulative error of all these 
factors. Since this error is essentially independent of V , the accuracy of the data 
depends on the pressure. Thus at atmospheric pressure and d = I cm, the lower limit 
of quantitatively reliable data is 0017 percent o.v., while for a pressure of 20 mm 
Hg, this lower limit is about 0-3 percent o.v. 
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percent o.v. Curves represent average of data taken at all 
pressures between atmospheric and about 200 mm Hg. Low 
illumination. 2000 V pulse. 
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4. Discussion of results 

The existence of long time lags at low percent o.v. indicates that (for the 
experimental conditions studied) the motion of positive ions plays an important 
role in the breakdown process. The fact that the time lags decrease continuously 
and smoothly as the percent o.v. is increased indicates that the role of the positive 
ions gradually decreases in importance as the field strength increases, until finally 
the time lags become so short that the positive ions may be considered to remain 
stationary throughout the formative time of breakdown. 

One can try to account for the results on the basis of the Townsend discharge 
mechanism, in which secondary electrons are liberated from the cathode by positive 
ion bombardment. However, for the Townsend mechanism, even at very high over- 
voltages the time lags should still be in the microsecond region. Since the time lags 
decrease much more rapidly with increasing percent o.v. than can be explained by 
the variation of the positive ion velocity, the role of the positive ions is not the 
emission of secondary electrons from the cathode. 

The second possibility for explaining the role of the positive ions in producing 
the spark is based on the fact that the positive ions aid the spark formation by 
producing a distorted field in the gap. 16 Electrons produced in the cathode region 
subsequent to the first avalanche multiply more intensely than in the undistorted 
field provided a/p increases more rapidly than linearly with F./p, the ratio of field 
strength to pressure. These newly created electrons may be produced by a 
secondary mechanism (the most probable ones being photo-ionization in the gas 
and photoelectric emission at the cathode) or by the constant primary electron 
current produced by illumination of the cathode. As the positive ions, originally 
created in the anode region, move toward the cathode, the final strength in the 
cathode region increases more and more rapidly with time. Thus, owing to the 
curvature of the a/p vs. E/p curve, the quantity exp ( J d adx), which represents 
the number of ion pairs produced by an electron originating near the cathode, 
increases with time. If conditions in the gap are not satisfactory for the formation 
of a spark when the first primary electron has crossed the gap, it is possible that 
as the positive ions created in the first avalanche approach the cathode, subsequent 
avalanches may produce the charge densities necessary for the development of a 
streamer. With such a mechanism, times corresponding to many transit times of a 
positive ion may occur before the spark develops. As the percent o.v. is increased, 
the enhanced field necessary for the production of the spark requires a shorter 
distance of travel of the positive ions and so the time lag decreases. As the percent 
o.v. is increased further, no motion of the positive ions is required to produce a 
spark, and a streamer emanates from the anode. With even higher overvoltages, 
adequate distortion fields for the production of a streamer can be built up even 
before the primary electron crosses the entire gap. Thus, the distortion field 
provides a smooth transition from formative times long compared to the positive 
ion transit time to times comparable to the electron transit time. 

The method whereby sufficient initiating electrons are supplied to maintain the 
pre-spark current is now considered further. It can be shown that if, under the 
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assumption of a primary current with no secondary mechanism, the field strength 
in the cathode region as a function of time is derived for times less than the transit 
tinie of a positive ion (assuming no diffusion and a parabolic dependence of a/p 
on E/p), and if one assumes thai a spark occurs when this distortion field reaches 
a critical value, fair agreement with the experimental data is obtained. However, 
if such a mechanism is valid, it is necessary to assume that all the primary electrons 
are emitted from a small region on the cathode. This is unlikely, since the spark 
rarely occurred at the same cathode spot twice in succession. Furthermore, no 
dependence of the time lag on illumination was observed, whereas such a mechanism 
would depend strongly on the magnitude of /„. Better agreement with the experi- 
mental data is obtained by assuming a secondary mechanism involving photo- 
emission at the cathode by photons produced in the avalanche. 1 

It is believed, therefore, that two processes acting together produce the observed 
long time lags at low overvoltages. These are (1) a suitable secondary mechanism 
(most probably photoemission at the cathode) to maintain and perhaps increase 
the pre-spark current and (2) space-charge distortion due to the large number of 
positive ions in the gap. It should be noted that such a space-charge mechanism 
can explain the long time lags obtained for low as well as high pressures. Indeed, 
in view of the fact that even at the lowest pressures studied (several centimetres of 
Hg) the time lags for overvoltages of a few percent are as short as those obtained 
for the higher pressures, it is clear that the classical Townsend theory, hitherto 
assumed valid for the product pd less than several hundred millimetres Hg, is 
inadequate. 

The search for the transition from the streamer to the Townsend mechanism of 
spark breakdown has revealed no simple dichotomy in mechanisms as envisaged 
by Loeb and Meek, and by Raether; the mechanism of the spark depends much 
more strongly on the percent o.v. than on the value of p and d. These experiments 
are being continued with other gases. 

The authors thank Dr. H. J. White of the Research Corporation and Mr. M. Menes 
for their aid in developing the electronic circuit, and Professor L. B. Loeb of the 
University of California for his interest in the problem and for the loan of the 
chamber used in the research. 
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Introduction to Papers 8, 9 and 10 
(Davidson The growth of ionization 
currents in a uniform field E(>E s y; 
Davidson, 'Growth of current between 
parallel plates'; 

Davidson, Theory of the temporal growth 
of ionization in gases involving the action 
of metastable atoms and trapped radiation') 

These three short papers by P. M. Davidson are taken from a series of important 
papers written between 1953 and 1962, and consider the growth of ionisation in 
a parallel-plate discharge in the absence of space-charge distortion of the applied 
uniform electric field. Paper 8 was the first of the series and appeared as a 
mathematical appendix to a paper by Dutton. Haydon and Llewellyn Jones which 
attempted to account for measurements of formative time lags (such as those 
described in paper 7 by Fisher and Bederson) on the basis of the same primary and 
secondary ionisation processes found capable of accounting successfully for the 
spatial growth of pre-breakdown currents. The secondary processes considered in 
papers 8 and 9 were the release of electrons from the cathode by positive ions or 
photons produced in the gas. In paper 10 the action of metastable atoms and of 
photons which have been repeatedly absorbed and re-emitted on their way to the 
cathode was considered. A later paper {Proc. Phys. Soc. 80, 143, (1962)) gave 
further attention to the action of delayed photons. 

• The series of papers has been usefully summarised by C. Grey Morgan in 
Fundamentals of Electrical Discliarges in Gases (Pergamon, (1965)). The treatment 
given there emphasises those parts of Davidson's analysis which are of particular 
interest experimentally. H. Raether in Electron Avalanches and Breakdown in Gases, 
Butterworths, (1964) also devotes a chapter (Chapter 7) to the theory of a 
transient discharge in a uniform electric field. The theory given there is largely 
based on papers by P. L. Auer (e.g.Phys. Rev. 3, 671, (1958)). 

further Reading 

Grey Morgan, C, Fundamentals of Electrical Discharges in Gases, Vol. 2. Part 1 , of 

Handbook of Vacuum Physics, ed. Beck, Pergamon Press, (1965). 
^aether, H., Electron Avalanches and Breakdown in Gases, Butterworths, (1964). 
Davidson, P. M.,Proc. Phys. Soc. 80, 143, (1962). 
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8 

The growth of ionization currents in 
a uniform field E(>E S ) 

P. M. DAVIDSON* 



Two infinite parallel plates are considered at a separation d, the cathode (at x = 0) 
being exposed to a constant external illumination. At time zero the potential 
difference of the plates is suddenly increased, and then maintained constant. It is 
desired to calculate the conditions at any later time (so long as the effects of space 
charge remain unimportant). 

An approximate solution of this problem has already been given by Bartholo- 
meyczyk, 1 who, from a consideration of the differential equations 

(aljdt)/v _=-dl_/dx + aI_ (la) 

(dIJdt)lv+=MJdx + cd_ (\b) 

and boundary conditions a 

Up, t) = yUo, l) + 8 J /. exp (-/*) dx (2a) 

Ud,') = < 2 *> 

employs, for calculating current amplification, an expression 

/_(x , t) exp ( -ax) = C exp [\(t - x/v _) ] (3) 

in which C is a constant and X is given a real value satisfying F\d) = 0, where 

F{x)=\- (to/0) [exp fox) - 1 ] - (8/*) [exp fox) - 1 ] (4) 
(j> = a - (X/v), \l/=a-n- (X/u_) 

and (!/«') = (I/O + (!/"+) 

Bartholomeyczyk's expression (3) for /_, together with an accompanying 
expression for/ + , satisfy the differential equations (1) and the boundary conditions 
(2), and are of fundamental importance in the problem. They are not, however, an 
accurate solution of it, since they do not reduce at t = to the charge distributions 

• Reproduced from British Journal of Applied Physics, 4, 173, (1953) by permission of The 
Institute of Physics and The Physical Society, London and of the Executor of the late 
P. M. Davidson. 









actually present at that time; moreover, the boundary condition (2a) omits an 
additive constant, say /„, due to external illumination. (Gugelburg 2 has noted one 
of these defects-the omission of the constant in the boundary condition-but has 
n ot proposed a valid way of correcting for its effects.) It is thus difficult to estimate 
to what extent the simple expression (3) will approximate to the true solution, or 
w hat value should be assigned to the constant C in order to give the best agreement 
w ith the true solution. 

Before proceeding to the exact solution, it should be noted that Bartholo- 
meyczyk's formula can be altered so as to satisfy equations (1) and the corrected 
boundary conditions (but still not the correct initial conditions) by the following 
procedure. If X is given Bartholomeyczk's value, and, if 

P = 1 - 7 [exp (ad) - 11 - [8/(ct - »)) {exp [(a - M \- \) 



then a short calculation shows that an expression 

/.(x, /) exp (-ax) = (I /P) + Cexp [X(r - x/v.)] 



(5) 






with an accompanying expression for /+ satisfy equations (1) and the corrected 
boundary conditions. The constant C may be given a value which gives rough agree- 
ment with the initial conditions; for example, if the initial value of I_(o, t) is c, 
the solution can be made to have that initial value of l_(o, r) by taking C as 

c-Io/P- 

To see how much inaccuracy still remains, a solution must be found which not 
only satisfies equations ( 1) and the correct boundary conditions, but also satisfies 
the initial conditions completely, that is, gives a prescribed initial distribution of 
positive and negative charge in the whole range x = to d. The nature of this exact 
solution may be simply stated. The equation F\d) = has, in addition to the real 
root, an infinite number of complex roots; the last term in equation (5) must be 
replaced by a summation containing these various X's and with C's determined by 
the initial conditions. The mathematical problem is of little interest, and it will be 
sufficient to state the final expressions obtained for /_ and /+ (the latter being of 
importance for estimating when the effects of space charge cease to be unimportant). 

It is convenient to think of the expression for, say, /_(x, /) as consisting of two 
parts: (i) the value which it would have if the initial charge distribution had been 
absent; and (if) the value which it would have if the constant generation / had 
been absent. The quantity /_(x, t) which will be present in the experiment is the 
sum of the two parts. The same remarks apply to J + (x, t). 

In the part (ii), /_(x. /) and / + (x, /) are conveniently calculated from the initial 
distribution, say p_ = /_(x) and p + = / + (x), by means of four g's (Green's functions), 
°f which, for example, gt(xtxi) is the /_(x, r) due to the presence at time zero 
of unit positive quantity in the region of x = x , . Thus the required /_(x, t) of 
P 3 " (ii) is 

[ [*:/-(*. )+* + -A(x,)]dx, 
J o 
a nd a corresponding expression gives / + (x, /). 
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At t 's less than x/v_ the values of gZ and gl , and also of the /. and /+ of part (i), 
are of a simple nature, readily seen on visualizing the motion. [For example, g'_ is 
zero in this range of time if x <x t . If x>x t there is a sudden pulse at 
t = (x - Xi)/v_, conveying a quantity exp a(x - x j)] At all later times the series 
expressions given below for these quantities are valid. Similarly the values of gt 
and gl are readily seen at times up to (x,/i; + ) + (x/u_) after which the series are to 
be used. 

The series expressions are: 

Part (i). 

/-// = exp(ax)/P + ZQ 

IJ'o = [exp (ad) - exp (ax)| /P + I.RQ 

where Q = (X£») _1 exp {[a - (X/i>_)1* + M 
*= (a/0) {exp [#</-*)] 1} 
D=(ya/<p 2 v)[\ (l-«cOexp(0d)] + (W 2 "-)tl - (I - <pd) exp (^id)] 

Part (ii). 

s:=zg: g+ = zRGz 

g + . = 2G! gt = XRG+. 

G:=XQ^i)exp{[(VO-a]x,> 

Gt = 7AGex.p[-ta,/v + ] 
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Growth of current between parallel plates 

P. M. DAVIDSON* 



For assessing the relative magnitude of the various regenerative processes which can 
occur in a gaseous discharge, considerable importance attaches to the theory of 
current growth. Of particular interest is the growth of current, in absence of space- 
charge distortion of the field, between parallel plates maintained at a constant 
potential difference, and with a constant electron generation / maintained at the 
cathode by external illumination, and with secondary electron generation due to 
the action of photons and positive ions on the cathode. The writer has given the 
exact solution of this problem, and also an approximate solution. Bartholomeyczyk 
had given an approximate solution which neglected the maintained Jq , and was 
thus inapplicable to the present problem, except for tracing, very roughly, the 
current growth in case of high overvoltage. In the writer's approximate solution 
(which does take account of the maintained / ) the electron current /_(0, at 
x = (the cathode) at time t is of the form 



A - B exp (Xf), 



(1) 



and the constant B is not specified exactly. 

A recent paper by Bandel, 2 describing his experimental work on current growth 
and its interpretation, is of considerable interest, but his mathematical discussion 
of current growth in absence of space-charge distortion is inaccurate. 3 He considers 
the case in which, at time zero, there are no charged particles between the plates 
[the case called Part (i) in my exact solution] . He regards my exact solution as 
impracticably cumbersome; on the other hand he maintains that at times greater 
than d/v (or d/v_ if y is zero 4 ) my approximate solution, with a correct choice of 
the constant B is the exact solution of the problem. This contention is not correct, 
and the mathematical argument by which it is obtained is erroneous, for the follow- 
ing reason. 

* Reproduced from The Physical Review, 99, 1072, (1955) by permission of The American 
Physical Society, New York and of the Executor of the late P. M. Davidson. 



The integral equation (5) in Bandel's paper specifies the desired solution 
throughout all (positive) times. My approximate expression (1), with any value of 
B, satisfies the integral equation at t'% greater than a specified value; but it does not 
follow that, with a correctly chosen B, it is the desired solution in that range of/. 
It can, in fact, be shown that the differential equations and boundary conditions 
[equations (1) and (2) in Bandel's paper] require that if the expression ( 1) holds 
exactly after a finite time it must have held exactly at all (positive) times. Moreover 
/_(* i 0) must, have been, not zero as the problem requires, but exp (ax) {A — B 
exp (-Xx/u_)}. Except in the case when 7 is zero, / + (x, 0) must also have been a 
nonzero distribution. Such facts are hardly surprising, for, as was pointed out in 
my paper, the equation for X has, in addition to its obvious root which appears in 
(1) an infinite number of others, which appear in my exact solution. It would be 
surprising if the desired solution, in a certain range of time, could be constructed 
exactly by using only the one root. 

in support of his contention, Bandel gives expressions which he says are the 
exact solution in the case of 8 zero. It may readily be verified, however, that this 
is not so; there is a range of t (between d/v and 2d/v) in which his expressions fail, 
and the alteration which they need in that range leads to alterations in all later 
ranges. This may be expressed explicitly by writing my exact solution in an 
alternative form. Although for most purposes it is, as we shall see, less convenient 
than the original form, it demonstrates the present point. For 6 zero, 7_(0, f) in 
the range nd/v to (n + l)d/v is 



loli" exp {mod) (1 + 7 )-0»+i> + 



m = 



ml 



[£{('-?)«*i*--*jiLJ. (2) 



where p = cw( 1 + 7) and 0! means unity. Thus when / <d/v, it is 
'0 [(1 + 7 exp (poOl 10 + 7), and when d/v < t < 2d/v, it is 



Jof/. , 7exp(p Q \ 
l+7ll' + 1+7 / 



+ 7 exp Qv) 



('- 



{l+yp (t-d/v)}exp(-yad) \\ 



and so on (extra terms being added in each successive range). Comparing this with 
Bandel's expression, we see that the latter is correct only up to t = d/v, as soon as 
" becomes identical with my approximate expression it ceases to be exact. My 
approximate expression does not become exact after any finite time. For one 
"ting, it is too mathematically smooth; in the exact expressions, given above, only 
we first n time differentials are continuous at the point t = (n + l)d/v. 

If 7 and y. are zero, but not 5, the exact expressions above remain valid on 
changing 7 to 6 /a, and 1/ to i>_. 
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If neither 7 nor 6 is zero, but only p., the exact expression, in the form 
corresponding to ( 1), contains two p's, say p, andp 2 , the roots of 

5 07 
1+ T +— = 0. 

where i/» = a - (p/v.) and <p = a - (p/v). When t is less than d/v and is in the range 
from nd/v_ to (m + l)d/u. the expression for /_(0. t) is 

/o m ?JW eXP(mad) (' +7 + a) 

[" d m H m * 



v fi m (..O m+l 



m 



dp" 



expjpt + m\l/d) '\ 
dp m p(p-p 2 ) m " Ip'p, 



(3) 



where 2, means a summation over an interchange of the suffixes 1 and 2. Thus, 
when t is less than d/v_, it is 

,+ , & \"', w- / ^i0iexp(p l f) _ ^2»2CXp(/>2/) \\ 
7 a/ P1-P2V Pi P2 /)' 

and so forth. 

From such expressions as (2) and (3) the values of /_(*, t) and / + (x, /) are given 
by the formulas 



I_(x, t) = exp (ax)/. 



M)< 



/ + (x, /) = f d a/_ (0, /+---) exp («'>&', 



in which /_(0, T) is to be set equal to zero at T negative. 

There are several ways of deriving the exact expressions, either in the form such as 

(2) and (3) or in the form given in my previous paper. If integration in the complex 
plane is employed the calculation of /_(0, t) depends on evaluating 

fC {exp ipt)f{p)lp) dp where C is an infinite semicircle on the right of the 
imaginary axis, and f(p) is 

{('♦KH^^-HP 

which has an infinite number of poles. Integrating in the usual way yields the 
expression for /_(0, t) given in the section called Part 1 in my previous paper. The 
alternative form given in the present paper may be obtained by making a binomial 
expansion of f(p) on the contour C and deleting all terms which, at a given t, will 
(owing to their character at infinity) give zero integrals. We thus have to integrate 
a finite number of terms, each having only a few poles. Expressions such as (2) and 

(3) are obtained. 
The expressions such as (2) and (3) are chiefly of interest in the case of a dis- 
charge which is highly overvolted, so that even during the first few n's the current 



amplification becomes very great, and dius of experimental interest. These exact 
expressions, containing only a few terms, are of value in such cases. But whatever 
the voltage the form given in my previous paper is more convenient throughout 
the subsequent growth. That form specifies a definite value of B, say B , in the 
approximate formula, and the correction terms which must be added to make the 
expression exact. A few remarks concerning it may be useful to experimentalists. 
To visualize the nature of B we may write A - B exp (Xf) as (/ /P) {1 - exp 
[X(f + A)]} . Consider, for example, the case in which 7 and u are zero. Setting A 
zero makes this approximate expression for /_(0, /) smaller than the exact value 
at all positive t 's (as may be seen from the nature of the error in the initial 
distribution); on the other hand setting A equal to t//u_ makes the expression too 
large at all positive fs. If the magnitudes of A and ad are large compared with 
unity, B makes A about d/2v_: (the B which Bandel assumes makes A nearly 
d/v _). In using the exact formula to estimate whether, at a given /, the correction 
terms are of any importance, there is no need to insert exact values of the complex 
X's. It would be sufficient, in this case of 7 and p. zero, to write X„. = X„ ± (2-ninvJd) 
where X„ = X - (2n 2 n 2 vja 2 d 3 ) at small n's and tends to - (vjd) log (2im/ad) at 
very large n's. X is the real X, which appears in the B term. Thus the correction 
terms in/_(x, t)/I are approximately 

% ^exp{X„[r- (*/»_)]} cos (^= (r-*J-0„ j , 

6 n being the angle, less than n, whose tangent is 2miv_l\„d. 

In using the accompanying formula 1 for J + (pc, t), it is convenient to hasten the 
convergence at the smaller values of t by subtracting a series which is zero; for 
example, so long as v{t + (x/i> + ) is less than d we may evidently subtract 
/+ [v{t + (x/u + )), v{t + (x/i>+)) /"-] t" 31 is - wc ma Y replace the d's in the numerators 
of the expression for I + (x, t) by v{t + (x/y + )}. If the formula is used without a 
procedure of this type, the case of 7 zero must be regarded as the limiting case of 
7 very small. 

If the distributions of electrons and ions between the plates at time zero are 
not negligible, the expressions called Part (if) in my previous paper are required. 

Note added in proof. -For the case in which there is only one regenerative 
process, an expression equivalent to the alternative form of the exact solution has 
been obtained in a recent paper by P. L. Auer [Phys. Rev. 98, 320, ( 1 955)] . His 
expression (3.17), which he proposes for practical use, is an approximate formula 
for /_(0, t) at integral values of n (with n = 1 at l = 0) for the case of 7 zero and 
W < 1 ; but he underestimates the error in this expression, at large rt's in the case 
of V > V s . The expression differs from my approximate formula A - Bq exp (Xz) 
>n two ways. Firstly, X has been replaced by a different quantity; it is practically 
the value, say X™, which X assumes if ad is increased to infinity while A is kept 
unchanged; and secondly, B has been changed to a value which makes the 
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expression practically correct at time zero. It may be shown that X„/X is approxi- 
mately ad/(ad + 1) if ad is fairly large compared with unity (values about ten are 
common in the experimental work). Thus, if V> V 3 his alteration in X makes his 
expression (3.17) too small at large n's, the true current exceeding it by a per- 
centage which increases without limit at very large n's. It would have been better 
to have retained my approximate formula A - B exp (Xr), in which, of course, the 
percentage error diminishes to zero at large n's, when the omitted oscillatory terms 
(the terms with complex X's) have died out relative to the retained terms. 

The physical reason for the accuracy of Auer's formula at small integral n's may 
be seen by imagining ad increased to a very large value without changing A. Then, 
owing to the shape of the curve exp (as), an avalanche generated by an electron at 
the cathode produces its photoelectrons very suddenly, just before it reaches the 
anode. Thus the /_(0, curve due to a maintained I becomes practically a stair- 
case during the first few n's, the sudden steep slopes occurring just before the in- 
tegral n's. If now we diminish ad to a more practical value, we diminish thereby 
the mean time at which an avalanche, after setting out from the cathode, generates 
its photoelectrons; we diminish it from d/v_ to about (X«/X) (d/v_). Thus we may 
say that we now have a more rapid amplification process, though the effect will 
not appear appreciably at the first few integral n's. in that range the extra current 
will appear at intermediate points, as a less steep ascent in the regions approaching 
the integral n's; but at later times the effect will extend to the integral n's. It should 
be noted, moreover, that in the range of very small n's a smooth curve drawn through 
the points given by Auer's formula is only correct at the integral n's, and usually one 
is not especially interested in those particular points; if a smoothed curve of current 
growth is required it would have been better to have retained my approximate 
formula A - B exp (Xf) even in this range of small n's. For example, in the 
extreme case of ad > 1 , which makes the true curve almost a staircase in this range, 
Auer's smooth curve is like an inclined (and rather curved) rod resting on the 
stairs; its error never changes sign. The curve drawn from my approximate formula 
intersects each stair, giving an error alternately positive and negative, and is a good 
smoothed approximation. 
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Theory of the temporal growth of 
ionization in gases, involving the action 
of metastable atoms and trapped radiation 

P. M. DAVIDSON* 

1. Introduction 

In recent years much experimental work has been carried out on the temporal 
growth of ionization currents in gases in uniform electric fields, especially in the case 
when the applied field E exceeds the value E corresponding to breakdown potential. 
The rate of increase of current depends greatly on the nature of the secondary 
ionization processes, and extremely rapid rates of growth are obtainable, for 
example, in hydrogen, where the predominant secondary processes are those of 
cathode emission due to the incidence of positive ions and unscattered photons 
originating in the gas. An account of this experimental work is given in the mono- 
graph by Llewellyn Jones (1957). The present writer (Davidson, 1953) has given 
exact and approximate formulae for the current growth which have enabled the 
experimental data to be analyzed when these two processes are acting simultaneously. 
The rate of amplification naturally depends on the degree of overvoltage ; with high 
overvoltage (= 100%) only a few gap transit times for electrons may be sufficient 
to produce great amplification, whereas with low overvoltage (< 5%) many transit 
times are required to produce the same amplification. The writer has therefore given 
his formulae in a variety of algebraical forms (Davidson, 1955, 1956, 1957), 
convenient for use in these different cases. 

It has been pointed out by Professor Llewellyn Jones that the author's formulae 
ought, for completeness, to be extended so as to take account of a type of secondary 
action quite different from those considered above. It will be noted that in those 
processes the method by which the active particles (photons or positive ions) move 
to the cathode is not one of diffusion. The ions move to it with a steady velocity in 
the electric field, and relatively negligible diffusion; the unscattered photons move 
to it almost instantaneously. 

In some circumstances, however, the motion of photons may be regarded as one 
of diffusion. Photons emitted by atoms which have been excited by the electron 

* Reproduced from Proceedings of Ihe Royal Society, A249, 237. (1959) by permission of 
The Council of The Royal Society, London and of Ihe Executor of the late P. M. Davidson. 



current may be strongly absorbed by the unexcited atoms and, after a mean time 
interval r, re-emiued with scattering. During the period t they may be thought of 
as being trapped in the atom. They thus proceed to the electrodes by a process of 
diffusion, due to repeated scattering. It is usually accompanied by appreciable 
destruction in the gas. 

Further, it is well known that photons and positive ions are not the only active 
particles which can produce cathode electron emission (Llewellyn Jones, 1957, 
chap. I -4-4). It can be produced by the incidence of excited atoms in metastable 
states. A metastable atom, generated in the gas, may, by the collisions which it 
makes in the gas, be destroyed (that is, reduced to the ground state), in some cases 
with generation of an active photon; or it may reach the cathode, in which case it 
may not only be reduced to the ground state but may thereby liberate an electron. 
Since the metastable atoms are uncharged their motion to the electrodes is due 
entirely to diffusion, and the resulting current amplification will usually be much 
slower than that produced by unscattered photons or by positive ions driven by the 
electric field. (Approximate calculations for the rate of current growth due to 
metastable atoms have been made in papers by Engstrom and Huxford (1940); 
Newton (1948) and Molnar (1951). This work will be discussed in section 4.) 

The formulae which we shall employ to represent the diffusion of repeatedly 
scattered photons resemble the formulae which represent the diffusion of meta- 
stable atoms, and space will be saved by taking advantage of this resemblance. The 
two cases will be referred to as case (b) and case (a), respectively. 

To investigate the spatial and temporal growth produced by processes depending 
on diffusion, it will at first be assumed that the only secondary process operating is 
of this type. It will further be assumed, both in case (a) and in case (b), that the 
internal destruction produces no active photons capable of reaching the cathode 
either directly or by diffusion. Clarity is thereby gained, and there is no difficulty 
in generalizing the treatment to obtain a perfectly general case, in which all possible 
secondary processes are acting simultaneously. 

2. The continuity equations and boundary conditions 

Considering a region in the gas, at distance x from the cathode, we must write the 
diffusion equation satisfied by the active particles (metastable atoms in case (a) and 
photons in case (b)). Let n(x, t) be their spatial density, and /(x, /) dieii current 
density in the x-direction. In case (b) we include in n (and in/") both the bound and 
free photons. Thus, writing /_(/) for the electron current density at the cathode, 
and W_ for the electron drift velocity, we have 



3h(x, I) 3/(x, /) 



at 



3x 



+ a, exp (ax)i_ 



''I. 



"(x,t) 



(I) 



"ere a is the number of electrons and a t the number of active particles which an 
electron generates in travelling unit distance in the x -direction, and 1/t, is the 
fraction of the active particles in any region which are destroyed per unit time by 
their collisions with unexcited atoms. We assume that i and n arc small enough to 
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enable us to neglect quantities proportional to their product (e.g. the destruction 
of metastable atoms by electrons). Thus in cases of progressive current growth the 
treatment ultimately fails, both on this account and also on account of space-charge 
distortion of the electric field. 

To treat the equation we calculate a quantity D, a diffusion coefficient, which 
makes 

j = -Ddn/dx (l a ) 

a correct expression when applied to a steady state, not changing with lime; and if 
this D is constant in space we write the term -bj(x,t)/dx in the time-varying equa- 
tion (1) as Db 2 n{x,t)lox 2 , though it is not strictly accurate. Thus (1) becomes 






dn(x,t) d 2 n(x,t) 



dt 



= D 



dx 3 



. .. / x \ n(x,t) 
•a, exp(ax), _(,--] — — . 



(2) 






The diffusion coefficient D in case (a), being an ordinary atomic or molecular 
diffusion coefficient, is of too familiar a nature to need discussion. It may be written 
approximately as $/i\ where / is a suitably defined mean free path of the metastable 
particles, and v their mean kinetic velocity. We may assume that 1/vTy is a small 
fraction, since otherwise groups of metastable particles generated in the gas are 
practically all destroyed after making only a few collisions, and such cases are of no 
practical interest. 

In case (Z>) we write n b and nj- for the spatial densities of the bound and free 
photons. Thus n = n b + n^. Of the free photons let the fraction which become bound 
per unit time be c/l, and on re-emission let them retain a fraction F of their original 
resultant momentum. As in the scattering of atoms, we will call / the collision 
mean free path and /] defined as /(l — F), the momentum mean free path. By 
analogy with case (a) we regard {r + (//c)}/tj as a small fraction, since otherwise 
the case is of no practical interest. Then the internal destruction, though con- 
tributing an important term «/t, to the equation (2) will have little effect on the 
coefficient D in the equation. Thus in calculating D we may without much error 
regard the internal destruction as being absent. As remarked above, D is calculated 
by considering a steady state; it is one in which the active particles have a pressure 
gradient, causing their directional distribution to depart somewhat from spherical 
symmetry, and thus causing them to have a resultant current density. Let the 
current density of the free photons, each of energy e , be/y. Then since each of 
them has a momentum of magnitude e /c, their resultant momentum, say M, in 
unit volume, is (jfjc) (e /c), which is j/€ /c 2 . By the definition of /] . the rate of 
destruction of M in the unit volume by collisions is cM/l x , which is jf€ /cli . Owing 
to the pressure gradient the flow of free photons through the faces of the unit 
volume is increasing M at a rate given approximately by -d(^e n/)/dx. Thus, since 
there is a steady state , we have jf = — \l\ c(dnf/dx). To write the nj in this 
expression in terms of n we recall that t may be defined as the mean time for which 
a photon remains bound before being released, or as the mean lifetime of the 
excited atomic state; or we may say that n b /r is the rate at which n b excited atoms 
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are radiating photons. The three definitions are equivalent. Thus we have 
/„ /t) = (crtf/l), expressing the fact that the rate at which photons are becoming 
bound equals the rate at which they are being released. Thus, since n = n b +n f , we 
have n = W/{(ct//) + 1} and the above expression for;)- becomes 



|//i dn_ 



hi 2 



dn 



,f ~ r + (//c)dx {T + (l/c)}{l-F}dx^ 

Thus, if we neglect the current density j b of the bound photons the D in case (b) 
is given approximately by 

D = i/ 2 /{r + (//c)}{l-F}. (3) 

Taking account of j b only increases D by an amount which is of the order of an 
atomic diffusion coefficient, like the D in case (a). If expression (3) is itself only of 
this order, case (b) is not very different from case (a). If, on the other hand, the 
approximate expression (3) is the dominant term in D, it is not certain that on 
inserting it in (2) we shall obtain an accurate equation, with D practically constant 
in space and time; for it must be remembered that the current of photons is not 
accurately monochromatic, and thus, since theii absorption by atoms is a resonance 
phenomenon, any spatial variation in their frequency distribution will be accompanied 
by a spatial variation in / and hence in D. Published theoretical treatments (see 
Fowler, 1956) are not in agreement as to whether this variation together with the 
approximations mentioned above, will cause an equation such as (2), with constant 
D, to be appreciably inaccurate when applied to trapped radiation in the gap. Until 
this disagreement is resolved, we cannot be certain that equation (2) with constant 
D applies to trapped radiation with the high accuracy with which it applies to meta- 
stable atoms. 

We consider now the boundary conditions of equation (2) at the electrodes. Of 
the number, say A', of active particles which strike the cathode per unit time let a 
fraction g be destroyed by so doing. If g is not greater than, say £, the resulting 
asymmetry in the directional distribution of the active particles near the cathode is 
not sufficient to cause a serious failure of the equations there. Thus if g < £ we may 
write approximately, at the cathode, in case (a), N = iniTand D(dn/dx)= g\nv, 
that is 



where 



n=h— at x = 0, 
ox 

h = 4D/gv = ^nJ=^'-. 



(4) 
(5) 



Similarly, let a fraction G of the active particles which strike the anode be destroyed 
b y so doing. Then 



H 



being 



n = - Hdn/dx at x = d, 
V/G. 



(6) 

(5a) 
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Of the active particles destroyed at the cathode let a fraction g, cause the 
emission of an electron. Thus if there is an externally maintained electron current 
density / there, we have 

/- = A> + Si-D(d«/a*) at x = 0. (7) 

Thus at such values of g and G the boundary conditions are (4), (6), (7). 

Kg and G are larger fractions, say greater than $, (4) and (6) will, owing to the 
smallness of / compared with such distances as d, become practically n = 0. Strictly 
speaking, the above derivation does not hold for such large values of g and G, 
because owing to the great asymmetry in the directional distribution of the active 
particles near the electrode the expression (la) and the differential equation will fail 
there. However, a well-known argument (used in treating the diffusion of charged 
particles) shows that for these large values of g and G we may regard the diffusion 
equation and expression (la) as holding right up to the electrode, and n as becoming 
zero there (see, for example. Pidduck, 1925). 

Turning now to case (b) we have to replace the D in (7) by the expression (3); 
and the expressions leading to (5) have to be replaced by N = \n f c = \nc/{(cr/l) + l}; 
thus we have at x = 

D(dn/dx) = \gnc/{(cT/l)+\}. 

Inserting the expression (3) fori), we see that in case (b), the h in (4) is f//(l - F)g. 
Similarly, H is |//(1 - F) G. As in case (a), h and H may be given the values zero \ig 
and G are more than small fractions. 

3. Solutions for a steady state 

Before proceeding to the solutions for temporal growth, we consider the solutions 

for a steady state (n and f_ constant in time). We then have 



d 2 n . „ n 

/) ^2 + a i'- ex P( Q3C ) = — 



with boundary conditions (4), (6), (7). 

The equation can be immediately integrated, giving 

i= = i /(,_ s i [ (1 + off) [exp (ad) - cosh fid] - (a +/fr 2 ) (sinh j*/)/ji ] I 

I l\ a 2 -M 2 l (H + h) cosh tf + (I +Hhfi 2 ) (sink mt)ln \L. 

(°) 

where 6 j = g l a l and u = \l\f(Dr x ). Provided g and G axe large enough to make 

aH,(H + h)/d and n(H + h) small fractions, (8a) 

all terms in (8) containing//* and h can be omitted without much error, and it thus 
reduces to 

t-i/(i 6 1 f exp (ad) - cosh qd - ofoinh ^/)/ M ] \ 

I - l IV~^-^[ (sinh^)/M JJ' (9) 

which is the exact solution if h=H = 0. 
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Thus, when \id (but not ad) is a small fraction, equation (9) becomes practically 

w hich, if ad is greater than about 5, is practically 



/ //, 6, exp (o*Q \ 

T -* IV ~ a*d J 



(10) 



On the other hand, if ad > 5 and \id is between, say, unity and \ad, equation (9) 
becomes practically 



k-'/H 



2 6 x ud exp (-(id) 
(a 2 n 2 )d 



]exp(ad)J. (11) 



It must be remembered that /_ is the electron current density at the cathode. The 
total current density, say /, being the electron current density at the anode, is 
/. exp (ad). Formula ( 1 0) is obviously analogous to Townsend's formulae for other 
secondary processes. As in those cases, a potential V s may be defined as the applied 
potential which makes the denominator vanish. If the denominator becomes 
negative the expression becomes physically meaningless, indicating that no steady 
state exists. 

If G and n are infinitesimal, but not g (that is, if active particles are destroyed 
at the cathode, but not in the gas or at the anode), H is infinite, h finite and u. 
infinitesimal. Thus, (8) becomes 



5= = l/(l-^[exp(ad)-l]). 



(12) 



This case is easily visualized, since the entire number a } [exp (ad) - 1 ] /a of active 
particles generated in a single avalanche (due to one electron starting from the 
cathode) is eventually destroyed at the cathode, liberating 6 j [exp (ad) - 1 ] la 
electrons; and if this number is only infinitesimally less than unity, L will ultimately 
become infinite, since the generation / is maintained. 

Concerning these various formulae the following points may be noted: 
(i) Provided the conditions (8a) are satisfied, (8) reduces to (9) independently 
of the ratio H/h, that is g/G. 

(ii) If there is only slight internal destruction, nearly all the active particles 
generated are destroyed at the electrodes, but only a fraction ( 1 lad) of them is 
destroyed at the cathode (provided aH and (H + h)/d are small fractions and 
<*d > 5). This is seen by comparing ( 1 0) and (12). The reason is that most of the 
active particles are generated much nearer the anode than the cathode, and thus 
there is more destruction at the anode than at the cathode. 
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(iii) Suppose that at V = V„ ad is about 1 0. Then we see from (1 0) and ( 1 1 ) 
that if yd is a small fraction, 5 x d is only about exp (—5); but it has a much larger 
value M\id is, say, \ad. It may be shown from (9) that if y = a at V= K, f then6,d 
is about unity at V = V, (provided ad is greater than about 5 and provided the 
conditions (8a) are satisfied). 

(iv) It is well known that the Townsend formula for the case when there is 
secondary emission in the gas produced by positive ions, and secondary cathode 
emission produced by positive ions, directly transmitted photons and metastable 
atoms, may, subject to certain conditions concerning the magnitudes of the coeffi- 
cients, be written approximately as 

///„ = exp (ad)/{ 1 - co[(exp (ad) - 1 )] /a}, 
where w = + ay + 5 + e. 

Here e is a secondary coefficient due to the metastable atoms, and the other symbols 
have their usual meanings. By extending the calculation (Dewellyn Jones, 1957, 
p. 55) which leads to this formula it may easily be shown that if the conditions 
leading to (10) hold, e is 6 ,/ad. (If both metastable atoms and trapped radiation 
are acting, the 6 , in this expression must be replaced by the sum of the two 6 , 's of 
the separate processes.) It will be noted that at constant E and p, this term e (unlike 
0, 07. and, in absence of absorption, 6) varies with d, owing to the factor 1/atf, but 
the variation is slight over the short range in which I/J is very large. 

4. Solutions for temporal growth 

In considering temporal growth it is useful to begin by noting some orders of 
magnitude. For the moment we neglect the internal destruction. If an active 
particle, generated at x, diffuses to the cathode, the average time which it takes to 
do so is of order x 2 /D. Thus, if x is a fairly large fraction of d, this time, say T, is of 
order d 2 /lv in case (a). For positive ions the gap transit time, say 7" + is d/W + where 
W + is the drift velocity of the ions. Thus, in case (a), T/T + is of order (d/l) (WJU), 
and this, owing to the factor d/l will usually be a very large number. In case (b), 
T/T+ may be much smaller. 

We shall write our solution for the current growth in two forms. One will be valid 
at all times. The other will only be valid when t/T is a fairly small fraction, say J (and 
it should be noted that in case (a) this t may, nevertheless, be very large compared 
with T + ). The expression which we shall find for the current growth in this range 
of small t/T will, of course, be of limited interest; in fact, its chief use will probably 
be for finding how long a time elapses before a given diffusion process has a 
significant effect on current growth. In deriving this formula, valid only when t/T 
is a small fraction, we note that at such times /_(/) is not very different from what 
it would be if d were infinite; we may say that by increasing d to infinity we should 
add a range too far from the cathode to produce much effect there at such times. 
Thus, the solution valid only in this time-range will consist of the solution ford 
infinite (with a correction term due to d having its actual value). We proceed now 
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to derive this formula, for r/7~a small fraction, and also the exact solution valid at 
all times. 

In the treatment of other secondary processes, Davidson (1953-1957) began by 
writing the solution as a Laplace contour integral, since from this all possible 
algebraical forms of the solution can be immediately seen and written down in 
detail. A similar method will be employed in the present cases. Let the gas be free 
from electrons and active particles up to the time, r = 0, at which the externally 
generated cathode current I is established. In the boundary conditions (4) and (6) 
we shall take h=H = 0, since the calculation is easily modified to take account of 
the more general boundary conditions. Then concerning the quantities n(x, t) and 
/_(/) we know that 

(i) atf<0,n(x,/) = i_(f)-0; ) 

(ii) at t > 0, *_(*) = / + giDdn(x, t)/dx at x = 0; 

(iii) atf>0,«(0,0 = "(d.') = 0;and (13) 

(iv) at / > 0, the differential equation (2) holds throughout the gas. , 

These four conditions are sufficient to determine n(x,t) and /_(/) at all times. Thus 
if we find functions n(x, t) and /_(/) which satisfy all four conditions we have the 
required solution. It may be readily verified that the following expressions satisfy 
the four conditions: 

zcx?[D(z 2 -» 2 )t] 
'c 



n(x,t) _ia 1 f 
I vDJc 



■I[l -exp(-2zd)]exp(«//x) 



(14) 



(z 2 -l* 2 )6 
+ {exp [(t// - 2)d) - 1} exp (-zx) + {exp (-2zd) - exp [(tf» - z)d))txp (zx)]dz 

t (z 2 - 4/ 2 )[( I exp (-2zd)] exp [D( z 2 - y 2 )t]dz 






05) 



c V 

where \[/ = a - D(z 2 - u 2 )/W_, 

= % +{ 26,z exp [(ip - z)d] - (2S,z + £)exp (-2zd}, 

$ = {z + *}{(z-"WF-6,}, 
F= 1. 

The purpose of introducing the symbol F, whose value is unity, will appear later. 

The contour C, which is traversed clockwise, is a quarter of an infinite circle, the 
centre of the circle being at the origin and the centre of the arc being on the positive 
teal axis. (It will be noted that the integrals are written in a form which makes the 
integrands free from square roots. If we introduced the Laplace form, say by 
writing D{z 2 - y. 2 ) = p, this would not be so.) 

We note that C may be deformed into a curve on which [ 1 - exp (-2z</)l /# may 
be expanded as a series of which the first term is 1 /£. The contribution of this term 
to (15) is 

I f z(z-ifr)exp[fl(z 2 -M 2 )f]cfe hg . 

vie {* 2 -n a }{z-(* + 5,)} • U ° ; 
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For use when t/T has not become a large fraction we have to evaluate this expression 
with a correction term, say A, obtained from the next term in the expansion. Now 
it is obvious that in case (a) and usually in case (b) the expression i_(t - x/W_) in 
the differential equation (2) may with negligible error be replaced by /_(/); that is 
we may take W_ as infinite; and thus may be replaced by a. To evaluate (16) we 
note that at / > its value is not altered by extending the contour in both directions 
to form a semicircle lying to the right of the imaginary axis; it may thus be written 
as the integral taken down that axis, together with two terms from the enclosed 
poles at z = p. and z =a + 8,. Thus, writing a 2 =a + 8,,wehave 
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(17) 
the last term being the contribution from the imaginary axis. The last term 
obviously diminishes continuously in magnitude with time, and even at t infini- 
tesimal its magnitude is less than unity (to be precise, it is then -8 i /(6 1 +a+n), 
thus making the whole expression unity at t infinitesimal). 

For the reason explained above, expression (17) must not be used after t has 
become more than a fraction of T. This limiting fraction is of order \/ad in cases of 
interest. Within this range of time expression (17) requires only the correction term 
A mentioned above. It is calculated from the next term in the binomial expansion. 
When added to (1 7) it multiplies the first term in that expression by a factor which 
is approximately 

1 - [40a|f8, exp(-8,d)]/(a 2 +a). 



>z- 



(18) 



As before, we may replace by a. The summation extends over all values X of z 
(other than and 0) which satisfy 0(z) = 0, and which lie on the positive real or 
positive imaginary axes or in the quadrant bounded by them; and /is a factor which 
is unity for the poles on the axes and 2 for the poles (if any) inside the quadrant. 
A , which is the contribution from the pole at z = n is a constant which is identical 
with expression (9), and the character of the X's, all of which are found to lie on 
the axes, depends on the sign of this quantity. 

If expression (9) is positive there will be an infinite number of X's situated on 
the imaginary axis; and in this connection it may be noted that if we write y = iz 
the function is 









For use at larger times the solution will be written in a form valid at all times. To 
obtain it we use the fact that the integrand in (15) is an odd function of z. Thus the 
integral taken round an infinite circle is twice the integral taken round an infinite 
semicircle lying to the right of the imaginary axis, and is thus, at t > 0, twice the 
integral taken round the contour C. By considering the residues at the poles, it is 
readily seen that at all positive times /_// is the real part of 

y 2A(X 2 - 2 ) [1 - exp (-2XJ)] exp [Z?(X 2 - y})t \ 
(\ 2 H 2 )(de/dz) x 



2/ exp (iyd)[{(y 2 + 2 )^ + 6 , } sin v</ + 6 ,.y(cos >•</ exp (4>d))] . 

There can also be a X on the real axis, but its value will be less than ^. Thus the 
expression for /_// reduce; at very large times to the expression (9). A steady 
state has then been attained. 

If, on the other hand, the expression (9) is negative, one of the X's is real and 
greater than m. and th"s contributes to the current a term which increases exponen- 
tially with time. In either case the exact solution which we have thus obtained may 
be reduced to an approximate formula valid at large times by including only the 
principal terms. 

Using similar methods, the expression (14) for n(x, t) may be evaluated if desired; 
but it is not usually of much interest. The important quantities are i_(x, t) and 
I (x,f) both of which can of course be immediately calculated from the expression 

for /.(/)■ 

As remarked above, the treatment may readily be generalized to include the 

secondary cathode actions of positive ions and unscattered photons; for if in the 

boundary conditions (13) we add to the right-hand side of (ii) the usual integral 

expressions which represent these secondary actions, it will be found that, to satisfy 

all the conditions, we have merely to replace the quantity F, which was unity in the 

above calculations, by an expression 

F- 1 - (S/i//) [exp (0<Q - 1] - (cty/0) [exp (0c/) 1 1 , 
where = a- D{z 2 - n 2 )IW and (l/H0 = (l/H'_) + (l/^ + ). 

Since the integrand in (1 5) is still an odd function of z, expression (18) remains 
applicable when subjected to this modification, which will give rise to X's inside the 
quadrant. 

The treatment may also be extended without difficulty to include the effect of 
photons, generated in the gas by the destruction of metastable atoms or trapped 
radiation, and proceeding either directly or by diffusion to the cathode. 

To obtain expressions for the /(/) produced, not by a maintained / . but by 
a sudden generation of amount q at the cathode at time zero, we have merely to 
differentiate our expressions for f_(f) with respect to t and replace / by q. 

it is convenient at this point to consider the papers by Newton and other authors, 
mentioned in the Introduction. These papers do not consider trapped radiation, 
but they develop methods for calculating approximately the effect of metastable 
atoms on current growth. In comparison with the method of complex integration, 
the mathematical methods employed in these papers are not well suited to the 
problem. In particular, they do not lead to an explicit expression for the amplitude 
of any term in the series expansion for the current. Instead, they lead to an infinite 
set of simultaneous equations, each containing an infinite number of terms. 
Estimating the amplitudes from such a set of equations is an inexact and unduly 
laborious process. Moreover, these treatments are based on the assumption that 
both W_ and W+ may be regarded as infinite. Thus they fail entirely if the 7 and 6 
effects are in themselves sufficient, or even almost sufficient, to produce ultimate 
breakdown. 
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5. Similarity 

Finally, there is a point of some interest concerning current amplification in 
similar systems, that is, in systems obtained by varying the pressure p and the field 
E so as to keep pd and E/p constant . If we assume that trapped radiation has only 
slight internal destruction, and that its£>, besides being constant in time, has 
geometrical similarity in the systems and is given by (3) with I/ct a small fraction, 
and / inversely proportional to the pressure, then the following results are easily 
derived. 

In a steady state the presence of secondary action by metastable atoms and 
trapped radiation does not alter the well-known similarity law concerning current 
amplification which holds in their absence. The same is true in temporal growth if 
the secondary action by trapped radiation is absent; but when it is present the law 
is modified; in particular, if no other secondary action of any kind were present, 
the time taken to attain a given value of i_/J would be almost independent oft/. 

6. Conclusions 

By applying the formulae obtained in section 4 to particular gases the rate of current 
growth, due to the simultaneous action of all possible secondary processes including 
metastable atoms and trapped radiation, may be calculated numerically when the 
coefficients which appear in the formulae are known. The calculated rate of growth 
may then be compared with that measured experimentally, in order to determine 
whether, in the particular gas the action of metastable atoms and trapped radiation 
is of importance in producing the current growth. Experimental work on these lines 
is in progress at Swansea. 

The author wishes to thank Professor Llewellyn Jones for suggesting the problem 
and for his continued interest. 
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Introduction to Papers 1 1 and 1 2 

(Harrison and Geballe, 'Simultaneous 

measurement of ionization and attachment 

coefficients'; 

Geballe and Reeves, 'A condition on 

uniform field breakdown in electron 

attaching gases') 

Up until the time of the paper published by R. Geballe and M. A. Harrison in 77ie 
Physical Review 85, 372, (1 952), studies of pre-breakdown discharges in electro- 
negative gases such as oxygen had paid little attention to the influence of the 
negative ions produced. The analysis of growth-of-current measurements under 
static, uniform, electric fields was based on the equation i = / exp (ad) or on 

z'o exp (ad) 



i = 



l-7[exp(«0-l] 



if secondary ionisation was important. This was in spite of the fact that F. M. 
Penning had much earlier (in Ned. T. Natuurkde 5, 33, (1938)) discussed the effect of 
attachment, as well as of electronic and vibrational excitation, and of space charge, 
on the growth of a discharge between parallel plates. Penning gave an equation 
equivalent to 



i 



".{(.-^) [-«-«*- U^)]} 



where n is the attachment coefficient defined in the same manner as the ionisation 
coefficient a, and estimated values of the attachment coefficient for oxygen. 

The two papers reprinted here give in more detail than in the original paper by 
Harrison and Geballe the analysis and experimental method used in the authors' 
growth-of-current measurements in attaching gases. The second paper extends the 
analysis to cases where secondary ionisation is also important. An interesting point 
made by Geballe and Reeves is that for attaching gases there exists a limiting value 
°f£/p, at which ajp is very nearly equal to 7j/p, below which breakdown is not 
obtained at any value of pd. 

The occurrence of electron attachment during the spatial development of a 
Pre-breakdown current has made the analysis, using the equation given earlier or 
equivalent formulae, of growth-of-current experiments considerably more difficult. 
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Further complication arises with the additional possibility of the reverse process of 
electron detachment, as has been recognised by Prasad and Craggs (sec reference 
below) and others. More recently it has been recognised that electron detachment 
may not be the only ion-molecule collision process affecting the growth of pre- 
breakdown currents. Ion conversion processes in which the original negative ion is 
converted to an ion of a different species may also be important. The effects of 
such reactions have been discussed by Moruzzi and Wagner in the papers listed 
below. As the number of possible processes increases it obviously becomes 
increasingly difficult to determine the various reaction coefficients with a high 
degree of accuracy and alternative methods are being sought. For example, much 
useful information can be obtained by studying mass-spectrometrically the relative 
abundance of the various ions produced in pre-breakdown discharges. The work 
described by Kinsman and Rees is an example of the application of this technique. 
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Simultaneous measurement of 
ionization and attachment coefficients 

MELVIN A. HARRISON and 
RONALD GEBALLE* 

Introduction 

We have reported previously 1 on simultaneous measurements of the ionization and 
attachment coefficients in oxygen. Since that time two additional papers 2, 3 
describing measurements of attachment in oxygen have appeared, and we have 
extended our procedure to air, CC1 2 F 2 (freon-12), and CF 3 SF S . It is the purpose 
of this paper to relate in more detail the method we have employed, to present our 
results in these gases, and to discuss these results in comparison with those of other 
workers. 

Following Townsend 4 it has been generally assumed that the current in a pre- 
breakdown discharge between plane parallel electrodes is described for sufficiently 
small electrode separation by the familiar equation, 






' ■ 'o ex P (0*0. 



(1) 



where t is the total current, i the initial electron current at the cathode, d the 
electrode separation. The ionization coefficient a is the mean number of ionizations 
per centimetre in the field direction produced by electron collision. Although in 
complex gases more than one type of ionizing process may occur, no attempt has 
been made as yet to separate out the corresponding contributions to a. At large 
separations, as is well known, 5 significant deviations from equation (I ) are 
observed. These are explained in terms of secondary ionizing processes which take 
place at the cathode or within the body of the gas. Such processes cause a more 
rapid increase of current with electrode separation than is indicated by equation 
(1) and are essential to the occurrence of breakdown. 

In complex gases and in those containing electronegative atoms other reactions 
result from electron collision. Ions which are produced in such processes affect 
the density of current carriers in a manner quite different from the ionization 
processes described above. Many types of ion-producing reactions have been 

* Reproduced from The Physical Review, 91, 1,(1953) by permission of the American 
Physical Society. New York. 
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observed, principally through the use of mass spectrographs. At present we confine 
ourselves to three, designated as follows: 

(A) Direct attachment, AB + e = AB~ . 

(B) Dissociative attachment, AB + e = (AB~)*=A +B~. 

(C) Dissociation into ions, AB + e = A* +B~ +e. 




I 2 

electrode seporoiioo (cm) 



Figure J. Typical variation of In / with d in oxygen at 1 1-2 mm 
pressure. Each curve gives the results of a run at constant E/p. 
Data are normalized to the same ; . Solid curves are drawn from 
equation (5). 

™e assume that at a given value of mean electron energy, characterized by the 
experimental parameter E/p, where E is the field strength in volts/centimetre and 
P the pressure in millimetres of mercury, one of the reactions predominates and 
the others can be neglected. Furthermore we permit only those electrode separations 
which are small enough that secondary ionizing processes of the kind leading to 
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breakdown have no appreciable effect. Focusing our attention on reactions of the 
types A and B, we describe the attachment process by a parameter tj which we 
define in analogy to a as the mean number of attachments per centimetre of drift 
in the field direction. In order to find the current which flows when this process 
and ionization by collision occur simultaneously, we make use of equations of 
continuity as follows: 
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dn e /dt + v e dn e /dx = av e ti e - 77i) c n e , 
dnjdt + v+dn + /dx = oai e ii e , 
dn_/dt + vjbnjbx = rp e n e . 



(2) 
(3) 
(4) 



In these equations the subscripts e, +, and refer, respectively, to electrons, 
positive ions, and negative ions, while n means numerical density, and v stands for 
drift speed in the gas. The steady-state solution for lite total current, with suitable 
boundary conditions, is found to be 



/ = i [a/(a - t})J exp [(a - n)d) - / t?/(a - -q). 



(5) 



as previously given, When reaction C predominates, the appropriate equations have 
the solution 

/ = i [(a + X)/a] exp (ad) - / X/a, (6) 

where X is a coefficient describing the rate of reaction C in the same manner that 77 
describes the rates of A and B. Solutions can be readily written down for situations 
in which reactions B and C occur together and in which secondary ionization 
processes described by the usual coefficient 7 are present as well, but these are of 
no present concern. 

Ordinarily a is measured by determining the slope of a semilogarithmic graph 
of/ against d, on the assumption that equation (1) is correct. 4,6 Experimental 
evidence indicates that this is valid procedure for a large number of gases. It has 
also been applied to gases in which reactions of types A, B and Care known to 
occur. 7,8 Now semilogarithmic graphs of equations (5) and (6) are distinctly non- 
linear. However if a is much larger than 77 and/or X, the deviation from linearity will 
be difficult to observe. A similar difficulty occurs when the range of d is limited to 
large values, even if a is only slightly larger than 77. In this event the additive terms 
in the equations are negligible, and the coefficient actually deduced will be a - tj. 
If d, because perhaps of instrumental limitations, is confined to small values (a few 
millimetres), the deviation again will be hardly apparent. The slope of a straight 
line drawn through the experimental points in this case will have no simple inter- 
pretation. It is apparent from this discussion that only if an extensive range of d is 
covered by experiment can the extent to which attachment and dissociation affect 
the discharge current be fully determined, and true values of the coefficients 
deduced. 
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Figure 2. Typical variation of In i with d in air at 60 mm pressure 
with normalized i . Solid curves arc drawn from equaUon (5). 
Multiplication is much greater than in oxygen because of the 
smaller attachment rate. 



Apparatus and procedure 

The electrodes are polished copper disks 9 cm in diameter, with contoured edges. 
The anode is perforated at its centre with about 400 holes within a circle of 2 cm 
diameter, and is rigidly mounted to the Pyrex vessel. A carefully made nut and 
screw with 40 threads per inch permit the cathode to be separated any distance 
between and 4 cm through the agency of an iron armature which can be rotated 
by an external magnet. Ultraviolet light is admitted through a quartz window 
directly above the anode and falls normally on the cathode. The light intensity is 
monitored by a photocell; occasional adjustment of die load resistor is necessary 
to maintain sufficient constancy. The Pyrex vessel is made from a 5-litre flask and 
provides a minimum clearance of 4-5 cm. A coaling of Dag on the interior wall of 
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the vessel insures an equipotential boundary. Connection of this coating to a 
voltage divider permits adjustment of the wall potential. It was found possible to 
keep current diffusing to the wall less than 1 percent of the total even at the 
greatest electrode separation. 
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freon-i? 
p-6-5 mm 




electrode separation (cm) 

Figure 3. Typical behaviour of In i in freon-1 2 at 6-5 mm 
pressure for various values of E/p. Solid curves are drawn from 
equation (5). Curvature is much more pronounced than in 
oxygen or air due to the very large attachment coefficient. 

The vessel and electrodes have been thoroughly cleaned and baked at temperatureJ 
exceeding 400° C in vacuum and an atmosphere of hydrogen for several hours when- 
ever it appeared desirable. Occasionally when either the electrodes became visibly 
coated or the initial photocurrent was found to be smaller than normal, the 
electrodes were removed and mechanically cleaned, and the baking process was 
repeated. The apparatus has not been used unless a pressure of less than 10" 5 mm 
of mercury could be maintained for several hours in the closed-off vessel. 

In order to be sure that the effects to be reported were not instrumental, 



measurements were also made in two gases, hydrogen and nitrogen, which are free 
of any reactions involving ions except ionization by collision. 9- "' Semilogarithmic 
graphs of current were linear within the accuracy of the measurements, except, 
that under certain conditions a slight concavity to the electrode separation axis was 
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electrode separation (cm) 

Figure 4. Typical variation of In i with d in CF , SI- , at 4-4 mm 
pressure. Solid curves are drawn from equation (5). The 
saturation at low E/p is particularly apparent here. 

noted at separations less than three turns of the screw. This effect was found as 
well when the photocurrent was measured in vacuum. Similar observations have been 
reported ls and explained in terms of the reflection of light back up through the 
holes in the anode. The effect seems definitely correlated with the degree of 
Parallelism of the electrodes; when they are visibly nonparallel, no concavity is 
observed for these gases. It has been found possible to correct for this effect, 
utilizing the results of vacuum measurements. The correction is about 3 percent at 
one turn, 1 percent at three turns. 

Attempts were made to obtain considerable purity of all the gases used. 
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Hydrogen was admitted through a palladium thimble, and in addition other samples 
of tank hydrogen were passed slowly over hot copper and through a liquid nitrogen 
trap. Behaviour of hydrogen treated in these various ways was identical. Nitrogen 
for use in measurements was generated by decomposition of NaN 3 , and was passed 
through a liquid nitrogen trap. Oxygen was produced in three ways: by decomposition 
of HgO, KMn0 4 , and Mn0 2 with suitable liquid nitrogen traps to remove impurities. 
Again no difference among them could be detected. Air from outside the laboratory 
was filtered through a plug of glass wool and passed through a liquid nitrogen trap. 
Freon came from a commercial cylinder and was distilled in vacuum several times 
before admission from a trap cooled to the temperature of liquid nitrogen. CF 3 SF S 
obtained from the Department of Chemistry 16 was purified in the same manner as 
freon. Gas pressures were measured with a mercury manometer. During all 
manipulations except admission of the last two gases a liquid nitrogen trap served 
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Figure 5. Variation of ionization coefficient with p/E for 
oxygen and air. Solid curves are drawn by inspection through 
data of the present work. 
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gs protection against mercury contamination. Subsequent checks indicated that no 
detectable contamination was admitted in these latter operations. Samples of all 
eases were changed frequently. At no time was there evidence that a gas had altered 
its properties while measurements were being made. 
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Figure 6. Variation of ionization coefficient with p/E for 
frcon-1 2 and CP. SF, . Solid curves are drawn by inspection 
through data of the present work. 

High voltage was supplied by a regulated negative supply, and was read with a 
calibrated resistor and a potentiometer. Ionization currents were passed through 
one of a set of calibrated resistors which were frequently checked against each 
°tiier. The potential drop across the resistor in use was read with a Dolezalek 
e 'ectrometer. Electrode separations were determined by counting revolutions of 
l "e screw. Current measurements were made for varying separations at constant 
*/p. The gas was never permitted to break down. At sufficiently large E/p, when 
we electrode separation was increased to more than about 2 cm, a conditioning of 
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the cathode surface appeared to take place which affected the initial photocurrent. 
To eliminate this effect, measurements in this range of E/p were carried out at 
either reduced pressure or reduced light intensity. 

Data 

Samples of data obtained in the gases are shown in Figures J to 4. The solid curves 
in these figures are computed from equation (5). By a careful curve-fitting procedure 
values of a and rj can be found from each curve. The procedure fails when at low 
E/p it is found that tj > a, and the current hardly rises above z" . At high E/p the 
magnitudes of 7? and a are reversed, the curvature is slight, and while a can be 
determined with considerable accuracy, 7? cannot. 

It can be seen that a straight line drawn through the points for separations of 
greater than one centimetre will pass reasonably close to all of them, and the 
deviations could be taken for experimental scatter. A straight line could similarly 
be drawn through the points, say, between 0-2 and 08 cm. Neither of these gives 
the correct a in the region of E/p where detectable curvature exists. 
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Figure 7. Dependence of attachment coefficient on E/p for 
oxygen. Solid curve drawn by inspection through present data. 
Comparison data are given directly in reference 24 but have 
been computed from the results of references 2, 3, and 23 as 
discussed in the text. 

Data of this nature were taken in oxygen at pressures (measured at 20°C) from 
1 1 -2 to 40-3 mm; in air, from 40 to 80 mm; in freon-1 2, from 6-5 to 20 mm; and 
in CF 3 SF S , at 4-4 and 61 mm. During a run at constant E/p individual points, 
particularly those at small separations, were repeated to check their reproducibility. 
In each gas the range of E/p extended throughout the region of applicability of the 
method for these pressures. 









Results and discussion 

I /Measurement ofa/p and n/p 

Several factors have led us to base our analysis of the curves on equation (5) 
jather than equation (6). Important among them is the apparent saturation exhibited 
hy curves of Figures I to 4. Such behaviour is consistent only with the first of these 
equations. Furthermore in oxygen and in many complex gases it has been found 
thai reactions of type B appear at electron energies of but a few volts, 17 " 20 whereas 
those of type C require more than ionization energy. Since dissociative attachment 
tesults from resonance capture of an electron, the cross section for this process can 
attain large values; e.g., a maximum of 10~ 16 cm 2 has been reported recently for 
SF 6 . 20 Under conditions of the present experiments where ionization is just assum- 
ing a dominant role it seems quite unlikely that C should occur to an appreciable 
extent. 
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Figure 8. Dependence of attachment coefficient on E/p for air. 
Solid curve again drawn by inspection. Scatter is greater than 
for oxygen because of the smaller curvature in Figure 2. Compar- 
ison curve computed from the results of reference 23. The 
considerable difference in magnitude has as yet no explanation. 

On this basis Figure 5 shows values ofa/p found for oxygen and air plotted 
against p/E. This scale of abscissas is chosen because it produces for many gases a 
nearly linear graph. The solid curves are drawn by inspection, included for com- 
parison are results of other investigations. 8, 21,22 It should be noted that the 
Measurements of Masch 8 and of Hochberg and Sandberg 22 were made with 
separations between 02 and 08 cm, while Sanders 21 did not extend below one 
centimetre. The first of these authors remarked on the probable effect of attach- 
me nt on his oxygen data but did not analyze it. In air, where the effect of attach- 
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ment is considerably diluted, curvature of the semilogarithmic graphs is slight for 
all E/p. Agreement between results of the quite different measurements of Masch 
and Sanders in this gas is readily accounted for by this circumstance. 

There are no published data with which to compare the curves of Figure 6 
directly. Hochberg and Sandberg 7 have given values of a/p in several complex 
gases containing electronegative atoms, measured with separations of less than 
one centimetre. In agreement with their work and consistent with the high dielectric 
strength of such gases we find the net electron multiplication to be appreciable only 
at values of Ejp considerably larger than for simple gases. The magnitude of a/p 
however is larger by about one order than reported by these authors. 

Figure 7 shows the behaviour of the attachment coefficient deduced for oxygen, 
reported in part previously. 1 Included for comparison are results of earlier investiga- 
tions 23,24 as well as two recent studies. 2,3 As not all of these authors presented 
their results in this form, it has been necessary to recalculate the coefficient making 
use of appropriate auxiliary data. In this form these curves represent as nearly as 
possible the original data, independent of computations involving drift and random 
speeds. Since their data up to the present have been interpreted only in the light 
of an attachment process, incipient electron production has appeared as a falling 
off of the attachment coefficient. It is in the region where a/p and t\/p are of 
comparable magnitude that three of their curves exhibit a sharp decline. 

Figure 8 presents the attachment coefficient in air and, for comparison, that 
deduced from Bradbury's paper. 23 It will be noted that the magnitude of the 
coefficient is considerably less than in oxygen. It is expected that it be less in 
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Figure 9. Behaviour of the attachment coefficient with E/p in 
frcon-1 2 and CFjSF $ . Curves are drawn by inspection. Scatter 
in ihe CF 3 SF, is principally because these were the first data to 
be taken. 




approximately the ratio of the mole fractions of oxygen in the two gases, in other 
words, that the peak in air should be about 0-02 attachments per cm per mm. It 
seems reasonable that such a value would be attained at higher E/p than could be 
reached by the present apparatus. The positive slope over most of this curve as 
c0 nirasted with the negative slope observed in oxygen is attributed to the differing 
energy scales of the two gases. Our data seem to indicate, within the precision of 
the method, a slight upturn below E/p = 30. We arc hesitant about the validity of 
this feature, particularly since the curve should in some manner join that of 
Bradbury. Whereas in oxygen, the coefficients measured in other researches rise 
to a magnitude comparable with that found in the present work, this is by no 
means true in air. For this we have as yet no explanation. 

In Figure 9 are given the attachment coefficients for freon-12 and CF 3 SF S as 
functions of E/p. Their magnitudes are comparable with that reported for iodine, 25 
and considerably larger than that found in chlorine 26 or expected for fluorine. The 
data in CF 3 SF S , which were taken early in the work show considerable scatter, and 
the curve is sketched only to indicate a possible behaviour for this gas. The large 
magnitude of i\/p in these substances might reflect the possibility for multiple 
reactions of type B. Here again it is apparent that the large probability for attach- 
ment could cause a serious underestimate of the rate of electron multiplication. 

It is of some interest to point out that in the range of pressures employed no 
dependence on this parameter has been detected for any of the gases studied. 

2. Dependence of mean cross section on mean energy 

In oxygen and in air it is possible to make further calculations. Auxiliary data 
exist from which the variation of mean cross section for negative ion production 
can be correlated with mean electron energy. The cross section is related to rj/p 
by the equation o = (v/p) (v e /c) (1 /n ), where n is the number of molecules per 
cubic centimetre at a pressure of one millimetre of mercury, v e is the drift speed 
of the electrons, and c their mean speed of agitation. The mean energy is obtained 
from diffusion measurements in a manner due originally to Townsend. 27 Several 
sets 24, 27 ~ 30 of data of this kind in oxygen and air have been reported, with con- 
siderable discrepancy among them. The discrepancies are relatively unimportant 
in the calculation of cross sections, as only the ratio of the above speeds enters; 
hence the magnitudes of a are probably correct in the two gases. As the energy 
scales (variation of mean energy with E/p) reported by these authors differ widely, 
it has been necessary to adopt one for each gas on an almost arbitrary basis. In 
the case of oxygen the data of Brose 29 have been used. Townsend and Tizard 27 
present the most complete data for air, but the recent work of Huxley and 
Zaazou 30 is probably more reliable. Since Ihe latttr authors give no data for 
E/p > 25, an extrapolation has been made. 

Results of these computations are given in Figures 10 and 11. (ot the cross 
sections compiled from our results and, for comparison, the work of the other 
investigators. All curves have been plotted using values of t)/p from Figures 7 and 8 
and with auxiliary data as indicated in the previous paragraph. In oxygen the 
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figure 10. Mean cross section for attachment in oxygen plotted 
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those of Figure 7 using the auxiliary data of reference 29. 



Melvin A. Harrison and Ronald Geballe 



121 



maximum agrees in magnitude with the estimate of Massey, 80 x 10 20 cm 2 for 
the type B reaction, if one recalls that the present value is an average over the energy 
distribution. Since this author's estimate of the (unaveraged) cross section for the 
type C reaction is smaller by a factor of almost 4, additional weight is added to the 
reasons for adopting B as the principal process. The maxima in oxygen and air again 
should be nearly in the ratio 5:1, deviation from this value being caused by differ- 
ing energy distributions. Present data are not inconsistent with this conclusion. 
The increase of cross section as the mean energy approaches thermal values has been 
attributed to a reaction of type A . 3, ~ 33 The peak found at somewhat higher energy 
by several workers (see Figure 10) has been correlated with a level of the oxygen 
molecule at 1 -62 V. 23, M Inelastic collisions at this energy, it has been suggested, 
return electrons to the very low energy region where they are captured by reaction 
A. Hagstrum 35 and others, 17 however, have shown that reaction B has an appear- 
ance potential of 6 V and a peak probability at 8 V. The previously mentioned 
estimate for the height of this peak (80 x 10" 20 cm 2 ) provides sufficiently well for 
the presently observed maximum to indicate that dissociative attachment is 
responsible in large part for the observed behaviour of the oxygen. Since the 
excitation function for the 1 -62-V level is presently unknown, the contribution 
of this 'reflection' process cannot be estimated. 

The authors wish to acknowledge helpful comments by interested friends, in 
particular those of Professor L. B. Loeb of the University of California. 
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Figure 11. Mean cross section for attachment in air plotted 
against mean electron energy. The scale at the bottom refers to 
the work of Townsend and Tizard. That at the top is due to 
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A condition on uniform field breakdown 
in electron-attaching gases 

RONALD GEBALLE AND MARVIN L. REEVES* 



The general form of the curve that relates breakdown potential to the product of 
electrode separation and pressure pel in gases between plane-parallel electrodes is 
well-known. ' A curve of this kind can be converted into one relating E/p for 
breakdown (where E is the electric field strength) and pd, assuming uniformity of 
field. As pd increases, the latter curve falls rapidly at first, but eventually more 
slowly and seems, where it has been carried sufficiently far, to approach an 
asymptotic value below which breakdown does not occur. 2,3 It is the main purpose 
of the present note to suggest an interpretation of this limiting Ejp for breakdown 
in gases that form negative ions by electron attachment. 

Since the existence of an asymptote seems common to all gases its explanation 
would appear to depend on the mechanism of breakdown. In particular it might 
be related to the failure of some secondary ionizing process at low E/p. However, 
the breakdown mechanism is incompletely understood at present, and it is difficult 
to make even a qualitative statement. In spite of this limitation the characteristics 
of attaching gases permit certain conclusions to be drawn. 

An equation for steady-state pre-breakdown current in attaching gases has been 
presented previously. 4 That equation is appropriate when secondary ionizing pro- 
cesses such as photoelectric effect or positive ion bombardment are unimportant. 
Discussions of breakdown, however, must include such processes. Assuming a 
secondary process at the cathode, one finds 




7 . . [a/(a - n)] exp [(a - rj)d] - 77/(0 - 77) 
'''° ~ 1 - {70/(0 - 7?)} {exp [(a - rj)d] - 1}' 



(1) 



where the symbols are to be interpreted as follows: i = total discharge current, 

/ = electron current produced at the cathode by an external source, o = number 

of ionizations/cm electron = the ionization coefficient, 77 = number of attachments/cm 

• Reproduced from The Physical Review, 92, 867, (1953) by permission of The American 
Physical Society. New York. 
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electron = the attachment coefficient, d = electrode separation, and 7 = probability 
per positive ion or photon of liberating an electron from the cathode. 

A threshold for a self-sustaining current is obtained by requiring the denominator 
f equation (1) to vanish, i.e., 



{ 7 a/(a - 77)} {exp [(a -ifltf} - 1} - 1. 



(2) 



It js well-known 5 that for non-attaching gases (7? = 0) equation (2) can be fitted to 
observed breakdown potentials within experimental error. In addition it has been 
shown recently 6 that a nearly equivalent procedure can be used to represent 
formative times of sparks at low overvoltages. If we suggest that equation (2) is 
equally valid for breakdown in attaching gases we note that when a/p > ri/p, 
breakdown is possible for sufficiently large pd regardless of the values of a/p, 77/p, 
and 7. Under this condition the breakdown criterion always has apd dependence. 
However for a/p < 77/p equation (2) approaches, with increasing pd, an asymptotic 
form which is independent of pd, i.e.: 



a/p = 0?/p)/(l+7). 



(3) 



Equation (3) is a condition on E/p alone and fixes a limit for this parameter, 
(£/p)iim . below which no sparking should be possible regardless of the magnitude 
of pd. In the following we shall compare, for several gases, values of (£'/p)iim 
obtained from these considerations with asymptotic limits derived from experi- 
mental studies of breakdown potentials. 

Values of a/p and 77/p are now available in a number of attaching gases. 4 In all 
cases thus far a/p is the smaller at low E/p but grows more rapidly with increasing 
E/p and overtakes 77/p. Values of E/p for equality vary widely from gas to gas, 
ranging from 30 to 300 volts/cm/mm. They are believed accurate within 5 percent. 

Values of 7 will vary with gas and electrode material. Its order of magnitude 
has been found in air 7 to be less than 10" 3 near the asymptotic E/p for this gas. 
At high E/p, Hale, 8 using H 2 with electrodes of Pt and Na, found 7 to lie below 
0-05 for E/p below 600 except for a peak of no present concern . The magnitude of 
7 is expected, in general, to be sufficiently small that this quantity can be 
neglected in equation (3), a simplification further justified by uncertainties in the 
values of (£"/p)u m available from experiment. Thus, we are led to adopt the relation 



a/p = 77/p 



(4) 



as a working condition for the limiting E/p. 

Comparison with experiment can be made through equation (2). The substitution 
of values of a/p and 7j/p yields, as for the non-attaching case, a relation between 
breakdown potential and pd with one parameter to be determined. In CCljF 2 and 
oxygen, for which the most extensive checks can be made at present, experimental 
curves are duplicated as closely as those of non-attaching gases. However, this is at 
best an insensitive test. 
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A direct test of equation (4) is illustrated in Table 1. Here values of £"/p Um pre 
dieted from this equation by the use of data from reference 4 arc compared with 
those deduced from measurements of breakdown potentials. It is important to 

Table 1 -Comparison of Predicted and Observed (£Vp)|j m 






Gas 



Prcd. 



(E/Phiv 



Obs. 



dcv. 



Dielectric 

strength 



Ref. 



CC1 4 
CF.SF, 

CCI,F, 

Air 



305 

186 

126 

117 
31-5 
35-5 



294 

160 

110 

103 
36-5 
36-5 



3 
15 
14 
13 
15 

3 



6 

3 

2-4 

2-2 

1 

0-95 
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point out two principal causes of error in the latter. If measurements are not made 
under conditions of strict uniformity of electric field, breakdown will occur at 
abnormally low E/p. On the other hand, if measurements are not carried out to 
sufficiently large pd, the limiting E/p cannot be estimated accurately and will 
generally be given too high a value. Best conditions of uniformity seem to have 
been achieved in CClj F 2 , oxygen and air. Only Tor the first two of these do 
measurements permit of reliable extrapolation to the asymptotic limit. It should 
be pointed out, in addition, that a failure of the kind described in the second para- 
graph might cause the observed (E/p)^ to lie above the predicted value. In view 
of these uncertainties, the agreement exhibited in Table 1 indicates the essential 
correctness of the proposed interpretation of equation (4). It can be seen from the 
table that an ordering according to (E/p) Bm corresponds closely to relative dielectric 
strength as generally quoted. 

The authors are grateful to Professor L. II. Fisher for supplying breakdown 
potential data in oxygen prior to publication. 
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Introduction to Paper 13 (Bhalla and 
Craggs, 'Measurement of ionization and 
attachment coefficients in sulphur 
hexafluoride in uniform fields' 



It is of considerable interest industrially that many polyatomic molecules such as 
sulphur hexafluoride and various fluorocarbons, e.g. those of the series C n F 2n+2 , 
have high dielectric (i.e. breakdown) strengths. Over the last fifteen years a number 
of these gases have been examined by Professor Craggs and his colleagues, both in 
single-collision experiments and under swarm conditions. In the single-collision 
experiments (i.e. experiments done at low gas pressures * lO -4 torr) the appearance 
potentials and ionisation, attachment and detachment cross-sections have been 
examined, while under swarm conditions the ionisation and attachment coefficients 
have been determined in Townsend growth-of-current experiments. More recently, 
associated quantities such as the electron and ion drift velocities and mean energies, 
and ion-molecule reaction rates, have been studied. The paper by Bhalla and Craggs 
is typical of the growth-of-current experiments and deals with one of the more 
important gases, sulphur hexafluoride. For details of work carried out with other 
gases which readily form negative ions one may consult the references given below. 
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Measurement of ionization and attachment 
coefficients in sulphur hexafluoride 
in uniform fields 

M. S. BHALLA AND J. D. CRAGGS* 

1. Introduction 

Sulphur hexafluoride (SF 6 )is one of many compounds of polyatomic molecules 
that have a dielectric strength appreciably higher than air or nitrogen, but has the 
advantage that it may be used up to much higher gas pressures than most of the 
highly attaching gases because of its low critical temperature. In view of this 
advantage, SF 6 is of considerable importance as a dielectric; therefore an under- 
standing of negative ion formation and its bearing on the breakdown strength of 
this gas is desirable. The attachment processes occurring in SF 6 when submitted 
to bombardment by low-energy electrons of well-defined energy, at low pressures 
(10" s -10" 4 mm Hg) have been studied by Ahearn and Hannay (1953), Marriott 
(1954), Marriott and Craggs (1956) by using the conventional mass spectrometer 
methods and by Hickam and Fox (1956) by applying their retarding potential 
difference method. The appearance potentials and relative abundances of the 
different positive ions in SF 6 have also been studied by Dibeler and Mohler (1948) 
and Marriott (1954) by using the mass spectrometer methods. 

Values of the Townsend ionization coefficient a as a function of E/p (E is the 
field strength,/; the gas pressure) have been measured in SF 6 by Hochberg and 
Sandberg (1942, 1946). Since nothing was known about the negative ion formation 
in SF 6 at that time no allowances were made for the attachment processes occurring 
in the gas. Geballe and Reeves (Loeb, 1955) have measured the values of a and of 
the dimensionally equivalent attachment coefficient tj, defined as the number of 
attachments per electron per centimetre in the field direction, in SF 6 as a function 
of E/p by the technique of Harrison and Geballe (1953). Further, Geballe and 
Reeves (1953) have indicated that for SF 6 there is a limiting value of 
E/p = 1 17 V cm"' mmHg" 1 below which no sparking should be possible regardless 
of the magnitude of pd (d is the electrode separation) and this (E/p)am is nearly 
that for which a and n are equal. McAfee (1 955) has also measured t? in SF 6 for 

* Reproduced from Proceedings of the Physical Society, 80, 151, (1962) by permission of 
The Institute of Physics and The Physical Society, London. 



| 0W values of the parameter E/p using a pulse technique. The pressures used by 
Geballe and Reeves (1953) and McAfee (1955) in their experiments were less than 
90 mmHg and 1 mmHg respectively. It therefore seemed desirable to measure the 
values of o and tj in SF 6 for various values of the parameter E/p and to study the 
breakdown mechanism in this gas at higher pressures in uniform field conditions. 

It has been shown (Harrison and Geballe, 1953; Geballe and Reeves, 1953) that 
w hcn electron attachment of the type 



AB + e-»AB" or ■* A + B" 



(1) 



occurs in the growth of the electron avalanche, the equation for the current flow- 
ing in a uniform field gap is given, in the absence of detachment, by 



£-[d5-»*-«-A]/ 



1 - 



Q-7J 



(exp [(a - v)d] 



->] 



(2) 



where a is Townsend's primary coefficient, tj the attachment coefficient, 7 the 
secondary coefficient, d the electrode separation and/ the initial electron current 

at the cathode. 

Provided only those current measurements are considered in which contributions 
due to secondary processes are negligible, then equation (2) is reduced to 



f = [-^exp[(a-T,)rf]— M. 
/ [a-n Flv '^' a-Vi 



(3) 



Equation (3) indicates that the semi-logarithmic plot of /// against d is not 
linear and that curve fitting techniques are necessary to evaluate a and 77 accurately. 

It follows from equation (2) that the criterion for breakdown at which the 
current / becomes self -maintained and independent of I is 



70= 

Q-7J 



{exp [(a v)d s ] -0 = 1 



(4) 



where d s is the breakdown sparking distance (cm). When a/p < n/p, equation (4) 
approaches an asymptotic form as pd increases, given by 

a_ n/p 



p 1 +7 



(5) 



This depends only on E/p and fixes a limiting value (E/p)^ below which no 
sparking should be possible, however large pd may be. If 7 is negligible then the 
limiting condition is simply a/p = r\/p. 

Studies by earlier workers, working at low pressures, show that heavy negative 
ions, including in particular SF 6 " and SF S ", are found in SF 6 by resonance capture 
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of very slow electrons at about 005 eV. The capture process has been interpreted 
by Ahearn and Hannay (1953) as 
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SF 6 +e + (SF 6 ")*< 



SF 6 " 
SF<" + F 



(6) 
(7) 



((SF 6 ~)* denotes an excited state of SF 6 ~). 

To the authors' knowledge, no information is available concerning the mean 
electron energies in SF 6 . However, from the general electron energy distribution 
considerations and the available attachment cross section data in SF 6 it appears 
that the predominant process of negative ion formation, in the range of parameters 
used in the present study, is due to the capture of very slow electrons producing 
SF 6 " and SF S " (equations (6) and (7)). This mechanism of negative ion formation 
has been assumed, and consequently values of a, r?, y and the breakdown sparking 
distance d $ have been calculated in SF 6 by employing equations (2), (3) and (4). 
The authors find that the measurements of pre-breakdown currents conform to the 
above theory over the wide range of pressures studied. 



2. Experimental procedure 

A detailed description of the apparatus and the modifications made to improve its 
performance and accuracy have been published earlier (Hopwood etal., 1956, Bhalla 
and Craggs, 1960) and will not be dealt with here. In the present study the ionization 
chamber (about 80 litres in volume) was always evacuated to better than 
10" s mmHg with an apparent leak of less than 0-4 /j h" 1 before the gas was 
admitted. Pre-dried compressed SF 6 of 99-98% purity supplied in a cylinder by 
Imperial Chemical Industries Ltd. was used throughout this study. The gas was 
however passed very slowly through a trap maintained at -40°C, by using a mixture 
of solid carbon dioxide and acetone as a further precaution. Activated alumina was 
used as an absorbent (placed inside the chamber) so that the products of dissociation 
formed in SF 6 by electrical discharges (Schumb el al., 1949) do not attack or 
corrode the apparatus. The chamber was opened for inspection after the experiments 
and no effects due to any chemical action on the electrode surfaces, chamber walls 
or glass parts could be detected. Further, check measurements of a/p were made in 
hydrogen before and after using SF 6 in the chamber, and showed no detectable 
differences. 

The gas pressures were measured (corrected to 20°C) either on the oil manometer 
using silicone oil of specific gravity 109 to within ± 005 mmHg or on the micro- 
manometer (cf. Hopwood etal., 1956) to within ± 0-5 mmHg. A platinum-coated 
cathode was used throughout this study and its distance from the Dural (aluminium 
alloy) anode was measured to within ± 0005 mm. The voltage applied to the 
ionization chamber, variable in steps of 02 volt (0 to 50 kV) was known to within 
03%, and the ionization currents produced could be determined with an accuracy 
to better than 1 5%. It is very difficult to assess the errors in a/p and ri/p since they 



depend on a curve-fitting technique, but it is estimated that in the most favourable 
conditions they are about ± 5%, increasing to perhaps ± 15% for low values of E/p.* 

3. Data and results 

The experiments were conducted over a pressure range of 5 to 200 mmHg 
(corrected to 20°C) and a range of E/p from 90 to 160 V cm -1 mmHg ' . Typical 
Qog /. d) plots at 5 and 25 mmHg pressures are shown in Figures 1 and 2 respectively. 
figures 1 and 2 also indicate the 'saturation' currents measured at a gap of 0-5 cm 
and voltages of a few tens of volts to a few hundred volts (curves A and B) at 5 and 



volts lor curve A (rf«0-5cm) 
lOO 200 



300 




Figure J. Ionization currents in SF t at 5 mmHg pressure for 
various constant values of the parameter E/p. Curve A 
represents current/voltage characteristic at this pressure. 

— , calculated current growth; 

o, measured values of current. 



* Conditions are most favourable when (a — rj) is not too large and preferably lies between 
- 1 and + 1 . The size of the term exp (a - ri\d is important and it should not dominate equation 
(2). The basis of the estimate is the accuracy of the repetition of independent calculations, and 
experience with a number of attaching gases has been of value in this respect. 
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Figure 2. Ionization currents in SF 6 at 25 mmHg pressure for 
various constant values of the parameter E/p. Curve B represents 
current/voltage characteristic at this pressure. 
— . calculated current growth; 
o, measured values of current; 

, mean curve for the measured values of 

current. 

25 mmHg pressures respectively. These measurements were used to determine the 
values of I from the portion of die curves where the slope was a minimum, as 
shown in the figures. 

Figure 3 shows the upcurvijig of (log /, d) plots at 5 mmHg pressure, indicating 
the presence of secondary ionization processes. The initial photoelectric current / 
from the cathode was reduced by adding a fine wire gauze filter in the path of the 
ultra-violet radiation from the low pressure mercury-vapour discharge lamp incident 
on the cathode. This enabled pre-breakdown currents to be measured sufficiently 
close to the sparking distance without causing space-charge distortion of the electric 
held due to unnecessarily large values of anode current. It was not possible to take 
such measurements at 25 and 100 mmHg pressures because the ionization currents 
became unstable near the sparking distances before any upcurving in the (log 1 d) 
plots could be observed. 




Figure 3. Ionization currents in SF 6 at 5 mmHg pressure for 
various constant values of the parameter E/p. 



3.1 . Evaluation of a and tj 

The values of a and r? have been computed from the above-mentioned curves by 
a careful process of curve fitting employing equation (3). The values of a/p, t\/p and 
(a - n)/p at different pressures are plotted as a function of E/p in Figures 4,5 and 6 
respectively, which also include the data of Geballe and Reeves (Loeb, 195S) for 
comparison. Figure 5 also shows McAfee's data obtained by the pulse technique. 



3.2. Breakdown measurements and y 

Breakdown potentials ( V s ) were measured over a pressure range of 5 to 
200 mmHg (corrected to 20°C) up to pd = 400 mmHg cm, and are plotted as a 
function of pd in Figure 7, which also includes Prasad's (1959, 1960) data in dry 
air for comparison. Results showed no pressure dependence (within 1%) for any 
Particular value of pd except for the gaps greater than 25 cm at 100 mmHg pressure. 
In addition, the values of E/p obtained from the breakdown potentials and gap 
distances at different pressures are plotted as a function of pd in Figure 8. 
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Figure 4. Values of a/p as a function of E/p in SF 4 ; the effect 
of using various possible values for / in the calculation of the 
coefficient from the results at p = 25 mmHg is shown. 
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Figure 6. Values of (a - n)/p as a function of E/p in SF, 
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Figure 5. Values of rj/p as a function of E/p in SF, ; the effect 
of using various possible values for /„ in the calculation of the 
coefficient from the results atp = 25 mmHg is shown. 
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Figure 7. Observed breakdown potentials as a function of pd 
in SF 6 and in dry air for comparison. 
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Figure 8. Values of E/p as a function of pd in SF 4 . 



It has been shown by Prasad (1959, 1960) that the mean slope of the (log/, d) 
plots, where they show very slight curvatures, is approximately represented by 
a - ri and equation (2) is reduced to 



exp [(a - Tj)d] 



I'o l-V{exp[(a-tj)rf]-l} 



(8) 



where y' = 70/(0 - r?) and J' = /„a/(a - ij). 

It follows from equation (8) that the breakdown criterion under these conditions 
is given by 
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Values of the secondary coefficient 7' have been computed from the upcurving 
of linear (log /, d) plots (cf . Figure 3) at 5 mmHg pressure by employing equation 
(8). These values of 7' have been used to calculate the sparking distances d s from 
the breakdown criterion (9). The table gives the values of (a - r?)/p, 7 and 
calculated d s with measured d s for different values of the parameter E/p at 
5 mmHg pressure. Calculated values of the sparking distances agree with the 
measured values to within 1% (see table) showing that the static breakdown in 
SF 6 at 5 mmHg pressure is brought about by the Townsend build-up mechanism. 
It was not possible to measure 7' at 25 and 100 mmHg pressures owing to die 
reasons mentioned earlier (ci. section 3). 





Data relating to Breakdown in SF 6 






E/p 


(a - t))/P 


Mean 7 
(mcas.) 


d s (cm) 
(calc.) 


d s (cm) 
(meas.) 


150 
155 
160 


0-95 
1-10 
1-24 


l-6x 10"' 
l-7x 10"' 
1-8 x 10-' 


3-30 
2-84 
2-50 


3-32 
2-86 
2-51 



7'{exp[(o^7 ? )c/]-l} = l. 



(9) 



4. Discussion 

Stability of the photoemission from the cathode (/ ) is of great importance for 
reproducibility of the pre-breakdown current measurements. These measurements 
were repeatedly checked and could be reproduced to within 3% for each gas filling, 
thereby showing that I was stable, but it is seen from figures 1 , 2 and 3 that the 
value of /„ decreased approximately exponentially with increase in the gas pressure. 
This approximately exponential fall in J suggests absorption of the ultra-violet 
radiation which traverses a distance of approximately 40 cm through the gas before 
reaching the cathode (Hopwood et al., 1956), but at the same time possibility of 
the pressure-dependent cathode effects cannot be ruled out. Liu et al. (1951) 
studied the absorption in SF 6 , in the vacuum ultra-violet region, and observed slight 
absorption up to about 2170 A. However, Nostrand and Duncan (1954) have shown 
that the absorption is about 1 cm -1 at n.t.p. at 1420 A, but is considerably smaller 
above this wavelength and is effectively zero near 1 870 A. This indicates that the 
decrease in / with increase in the gas pressure cannot be attributed to the absorption 
of the ultra-violet radiation incident on the cathode. If, however, this effect was 
due to the absorption of ultra-violet radiation from the lamp it would not cause any 
appreciable change in / when the gap d was varied from 0-5 to 3 cm. Consequently, 
it appears that normal adsorption of the gas or its dissociated products on the 
cathode surface increased the average cathode work function and was responsible 
for the decrease in / with increase in the gas pressure, though the details of the 
mechanisms involved are not thoroughly understood (see Appendix). 

Effects due to the field distortion caused by the holes in the anode (cf. Hopwood 
et al., 1956) might affect the pre-breakdown current measurements for d < 0-5 cm, 
so that these have not been considered in computing the values of o and rj- Moruzzi 
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(private communication) has recently, in this laboratory, carried out experiments 
which show that field distortion due to the anode holes is negligible for gap lengths 
greater than 3 mm. Since there was no other method of assessing the value of /„, 
'saturation' current measurements at a gap of 0-5 cm were used to determine the 
values of / (cf. section 3 and Figures 1 and 2). There was no difficulty in assessing 
the value of I from the curve A at 5 mmHg pressure, but no particular value of / 
could be chosen from the curve B at 25 mmHg pressure as no portion of the curve 
was parallel to the voltage axis. Therefore, values of a/p, n/p and (a - n/)p have 
been computed for three different values of /„ (8-5 x 10" 13 A, 9-2 x 10" 13 A and 
10x10 12 A) and are shown in Figures 4 and 5. Figures 4 and 5 also show that 
the maximum variation in the values of a/p and n/p at any particular value of E/p 
is not more than 20%. The values of (a - n)/p for these different values of J do 
not differ from each other by amounts greater than 3% (the experimental error) so 
that they are not shown separately in Figure 6. 

The values of a/p, r\/p and (o - r))/p over a wide range of the parameter E/p 
plotted in Figures 4, 5 and 6, respectively, show good agreement with the earlier 
measurements of Geballe and Reeves (Loeb, 1955). The values of a/p and n/p do 
not show any apparent pressure dependence and are therefore functions of E/p. 
This consideration indicates that the predominant process of negative ion formation 
in SF 6 , in the range of parameters used in this study, is the capture of slow electrons 
producing SF 6 and SF S " (primary capture process), and that the contribution due 
to the secondary capture processes, in which the yield of negative ions is proportional 
to the square of the pressure is negligible. However, it is possible that the latter 
processes may become important at higher pressures. Figure 6 also shows McAfee's 
data (1955), which do not appear to form a continuous curve with the data 
obtained either from this study or from the experiments of Geballe and Reeves. 
This discrepancy has been fully discussed by Berg and Dakin (1956) and will not be 
dealt with here. 

Values of the secondary coefficient 7' are very low, i.e. of the order of 10" 7 (see 
table). Measured values of the static breakdown potentials in SF 6 are considerably 
higher than those in dry air for the corresponding values of pd (see Figure 7), 
thereby giving high relative dielectric strength, for example, approximately 2-8 at 
380 mmHg cm (see Howard, 1957), as compared with dry air. The values of E/p 
are plotted as a function of pd in Figure 8, which shows that as pd increases the 
value of E/p falls rapidly at first, then gradually and eventually approaches a limit- 
ing value below which breakdown does not occur until pd is increased beyond a 
value which increases with pressure. The subsequent decrease in breakdown E/p 
beyond the limiting value set by a/p = T?/p(l + y), and which was first described by 
Geballe and Reeves (1953), has not, to our knowledge, been previously reported. 
The 'limiting value' of E/p= 117-5 V cm" 1 mmHg" 1 shows good agreement with 
the predicted value of 1 17 V cm ' mrnHg" 1 as shown in Figure 6. Experiments 
showed that for E/p < 1 15 V cm" 1 mmHg-' the ionization currents rise rapidly 
"P to a gap length of about 0-5 cm and thereafter stay constant. However, it was 
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E/p = 1 15 and 1 10 V cm ' mmHg 

when d > 2-5 cm because they became unstable. Consideration of Figure 8 together 
with a knowledge of the regions of unstable current (as indicated for example in 
figure 2) shows that the region of reduced breakdown values of E/p is also the 
region of current instabilities, as would be expected. 

The data shown in Figure 8 were obtained by Moruzzi in this laboratory and 
accurately confirmed earlier measurements obtained by one of us (M.S.B.). The 
effect is due, as Mr. J. W. Leake showed in this laboratory, to breakdown occurring 
at or near the edges of the uniform field gap, i.e. in conditions of non-uniform field. 
It would appear that as pd (not only d) is increased above the value at which n = a, 
the breakdown mechanism is initiated in a restricted region near an electrode 
(presumably the cathode) where a = n instead of at the cathode in the central 
region of the gap. It is still a matter of considerable interest to explain the growth 
of the discharge through the region, covering the major part of the spark length, 
where necessarily tj > a, and some kind of runaway process may be involved. 

The electron energy distribution in SF 6 may well be peculiar because of the 
very high capture cross sections at very low (< 01 eV) electron energies (Ahearn 
and Hannay, 1953; Marriott, 1954 and Hickam and Fox, 1956). The effect shown 
in Figure 8 is under further and more detailed investigation.* 

It should be emphasized that the electrodes used in this investigation (Hopwood, 
Peacock and Wilkes, 1956) should allow gaps of at least 4 cm to be used without 
field distortion. 



5. Conclusions 

Attachment in SF 6 in swarm conditions has been studied, and the values of a/p 
and n/p obtained in the E/p range of 90 to 160 V cm - ' mmHg -1 show good 
agreement with the earlier measurements of Geballe and Reeves (Loeb, 1955) 
whose work is hereby considerably extended. The predominant process of 
negative ion formation in SF 6 , in the range of parameters used, seems to be due 
to the capture of slow electrons producing SF 6 - and SF S ~ (primary capture 
process) and the contribution due to the secondary capture processes is negligible. 
However, it is possible that the latter processes may become important at higher 
pressures. 



* Note added in proof, April 1962. Since this paper was first submitted we have undertaken 
a detailed study of the effect briefly discussed above and shown in Figure 8. We refer to the 
breakdown processes occurring when tj > a for the discharge as a whole. The suggested runaway 
process invoked above is substantiated by our later work, which we hope to publish separately. 
The effect is not due to spurious geometrical characteristics etc., related to chamber size. 
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Values of die secondary coefficient y are very low, i.e. of the order of 10~ 7 . 
Measured values of the static breakdown potentials in SF 6 are considerably higher 
than that in dry air for the corresponding values of pd thereby giving high relative 
dielectric strength, for example, approximately 28 at 380 mmHg cm, as compared 
with dry air. The experimental value of (E/p)^ = 1 17-5 V cm" 1 mrnHg"' shows 
good agreement with the predicted value of (E/p ^ = 117Vcm"' mmHg" 1 , i.e. 
when a/p = rj/p, thus indicating that the static breakdown in SF 6 up to 
pd = 400 mmHg cm is brought about by the Townsend build-up mechanism except 
for the anomalous behaviour shown in Figure S, which is not a uniform field effect. 
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Appendix 

The variation of / with gas pressure has previously been noticed and mentioned 
(Prasad and Craggs, 1961), and is almost certainly due to cathode surface changes in 
a chemically active gas. The effect, for example, was not found with H 2 or N 2 . 
Unless the value of / is found for higher pressures to fit the 5 mmHg value (see 
Figure 4) where the effect is negligible and the current/voltage curve shows a 
saturation value of I (see Figure J, cf. Figure 2), the values of a/p and rj/p (Figure 
5) show a pressure variation which is not to be expected. Moreover, the variation 
of apparent a/p and r>/p with / at a given E/p is unreasonable in that both 
coefficients apparently decrease with increasing pressure, unless / is adjusted as 
indicated. The change in I with pressure at higher pressures O 5 mmHg) is 
associated also with the disappearance of reasonable saturation in the current/voltage 
characteristic {Figure 2). 
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Introduction to Paper 14 (Haydon, 
'Spark channels') 

The papers 1 to 1 3 have largely been concerned with the earlier stages of the 
breakdown process, when the current densities involved are comparatively low, 
perhaps up to 10~ s A/cm 2 . There has also been for many years considerable interest 
in the latter stages of breakdown when the breakdown process has led to the 
establishment of a highly conducting spark channel. However, it has only been in 
the last ten years or so that experimental techniques have been developed which 
enable information to be obtained in the intermediate time interval, close to what 
Haydon calls 'the birth of the spark channel'. Paper 15, which was a review paper 
presented at the 1967 biennial conference on ionized gases, is given here because 
it gives an excellent summary both of typical experimental techniques and of the 
main features of the data obtained. To provide the same information by giving all 
the original papers cited by Haydon would obviously occupy too large a part of the 
present volume. The theoretical papers of Kohrmann and Braginskii referred to in 
paper 14 are however given here as papers 15 and 16 since they give good 
descriptions of the early (Kohrmann) and late (Braginskii) development of the 
spark channel. 

Further Reading 

Craggs, J. D., Spark Cliannels in Electrical Breakdown of Gases ed. J. M. Meek and 
J. D. Craggs (Oxford University Press) 2nd Edition (to be published). 
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Spark channels 

s. c. HAYDON* 



1. Introduction 

The last decade has seen a rapid development of new techniques for studying the 
enormously complex phenomena associated with the development of spark and 
other high pressure discharges. Image converters, image intensifiers and highly 
lime-resolved spectroscopic techniques using fast rise-time photomultipliers have 
now overcome many of the limitations of the earlier experiments of Somerville and 
others in Australia, 1-3 Abramson, Gegechkori, Vanyukov and others in Russia 4 " 5 
and Craggs and his co-workers in England. 6 These limitations restricted many 
investigations to studies of events immediately following the establishment of the 
highly conducting channel, at which stage a shock front develops and the phenomeiii 
are largely determined by hydrodynamical considerations. Theories of the spark 
channel behaviour in these later stages were developed by Drabkina 7 and by 
Braginskii 8 and their validity tested by observations of the radius of the expanding 
spark channel as a function of time. When the energy input to the channel was 
effectively instantaneous, as in the case of the cable discharges used at Armidale 
by Somerville and his group 3 - m the variation of the channel radius r with P pre- 
dicted by Drabkina was observed. However, Drabkina's prediction that when the 
shock front separates from the spark channel at later times the radius r should 
vary as r ' 376 was not confirmed. Sigmond, 37 working with nanosecond arcs in 
hydrogen also found the theory to be invalid. In Braginskii's theory an attempt 
was made to relate the channel radius to the current /(r) at time t and to make 
allowance for loss of energy from the channel either by thermal conduction or 
radiation. Andreev, Vanyukov and Kotolov 35 experimenting with an oscillating 
spark current in air tested the predictions and found substantial agreement with 
the Braginskii theory when thermal conduction losses were neglected. 

Despite these encouraging successes, there persisted for some years an almost 
total ignorance of the events immediately preceding the birth of the spark channel. 

* Reproduced from 'A survey of phenomena in ionized gases', from the Eighth International 
Conference on Phenomena in Ionized Gases. Vienna, (1967) by permission of The International 
Atomic Energy Agency, Vienna. 






fortunately the degree of sophistication in the recent experimental techniques 
has reached a stage where considerable fine structure in the various transition 
stages to the highly conducting channel can now be observed. Whilst the theoretical 
understanding of the complex phenomena has not altogether kept pace with the 
experiments, nevertheless this seems to be an appropriate time to review the salient 
features observed in recent investigations of the earliest stages of the development 
f spark channels. We begin with a very brief account of the important highly time- 
jesolvcd techniques before considering the various stages in the development of 
spark channels formed under both low and high overvoltage conditions. If liberal 
reference is made to the recent research efforts at Armidale, it will merely reflect 
the importance of the pioneering efforts of the late Professor J. M. Somerville in 
this field over the past 15-20 years and this review will serve as a small, though 
inadequate, tribute to him. 

2. Methods of initiating spark channels 

In recent years two different techniques have been used to apply the necessary 
ovcrvoltages to the spark gaps. Since the magnitude of the percentage overvoltage 
applied is extremely important in determining the nature of the subsequent 
phenomena in the ionized channel we describe briefly the two experimental 
arrangements most commonly used. 

(a) Condenser' discharges 

The principle of this method is illustrated in Figure 1 , which shows the arrange- 
ment used in recent measurements by Tholl. 12 
s 
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Figure 1. Circuit illustrating method used for studying pulsed 

'condenser' discharges at high overvoltage. TH: Thyratron; 

S: Voltage divider: R, = 1 n,R, = 10 ft; T: Current transformer. 

Condenser C is charged to potential £/, and the thyratron TH triggered shortly 
P* 100 ns) before electrons are released from the cadiode K. The switching of the 
toyratron applies the additional voltage pulse C/, to the permanently applied 
v oltage U so that £/, + U then exceeds the threshold voltage U s and so overvolts 
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the spark gap. In this way overvoltages up to ~ 50%, sufficient to create the 
critically high avalanche amplifications within the 2 cm gap, are applied. Typical 
voltage and current oscillograms obtained with this method are shown in Figure 2 
E/p values at the threshold of breakdown in H 2 are typically ~ 25 V/cm torr 
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current 






Figure 2. Current and voltage as a function of time following 
breakdown of the gap. 

(b) Coaxial-cable discharges 

These are produced with the arrangement shown in Figure 3. Coaxial cables of 
characteristic impedance Z = 50 J2 and various lengths are charged to potential 
U and then discharged into a terminated cable of the same impedance. The coaxial 
discharge chamber in this technique must be specially designed in order to maintain 
the characteristic impedance throughout the discharge circuit. For an ideal 
operation the firing of the gap produces a rectangular current pulse of height 
A> = U I2Z and duration 27 where T is the pulse transit time of the charged line. 
Owing to the finite time required to attain high conductivity in the gap, the current 
rises at a finite rate given by 



Kt) = U /(2Z +Z(t)) 



0) 



where Z(t) is the discharge resistance at time t. For a pulse starting at t = 0, 
equation (1) holds to a sufficiently good approximation for most applications for 
tunes t < 27". 

The main advantage of this system is that from the accurately recorded current 
oscillogram it is possible to calculate the other important electrical quantities such 
as voltage, resistance and energy input into the channel. 



oscilloscope 




50 ohm spork chamber 

Figure 3. Experimental arrangement lor studying arrested 
discharges with co-axial cable at low overvoltages. 

Measurements with this technique have been confined so far to spark gaps of 
small dimensions (~ mm) with (U max) <t 1 kV and small (« 1%) overvoltages 
corresponding to values of E/p in hydrogen at the threshold for breakdown 
« 28 V/cm torr. 

No systematic investigation has yet been carried out of the effects of variations 
in the externa] circuit conditions. At the low currents observed in the earliest 
stages these effects are unlikely to be very significant but they may become very 
important as the current develops into the high ampere range at the later times. In 
the work described in this review each group has maintained the same external 
conditions for all observations with their particular technique. 

3. Methods of investigating channels 

The various time-resolving techniques used in spark studies may be divided into the 

following categories. 

(a) Arrested discharges 

Here the aim is to expose a photographic film to the light emitted from the 
spark gap during the growth of the current and to stop this flow of current at some 
pre-determined time. In this way a picture of the spatial distribution of light 
emission in the gap is obtained integrated over the full discharge duration. Time 
resolution is achieved by varying the arresting time. These techniques have been 
used by Tholl and others at Hamburg and by Schroder and others at Armidale. 

(b) High-speed shutter photography 

The introduction of a controlled shutter provides certain advantages over the 
arrested discharge method and may be achieved by mechanical or electro-optical 
m eans. Among the most convenient and rapidly operating shutters for spark studies 
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are the electro-optical or 'Kerr-Cell' shutters used by Dunnington 13 and by 
White. 14 Their use is restricted, however, to the later phases of the channel develop, 
ment where the intensity of light output is high. More recently electronic tubes of the 
image converter and image intensifier type have been used by Saxe, ls Tholl, 16 
Schroder, 17 Wagner, 19 Doran and Meyer 18 and others. These devices help with 
spark channel studies by providing both an overall sensitivity greater than that of 
an unaided photographic emulsion and a means of fast shuttering. By operating as 
camera shutters 'integrated' photographs of events occurring up to any specified 
time may be obtained. An apparatus using an RCA 4449 image converter tube is 
shown in Figure 4. Here closure of the shutter was achieved by applying to grid Gl 
a negative pulse of 1 /is duration and 1 ns rise-time. In order to synchronize both 
discharge and shutter action, the main discharge was initiated by a flash of light 
from the trigger gap TGI , and required slightly overvolted (~ 1%) conditions in 
the main gap. 

Some of the very early events are inaccessible to image converters because of 
the lack of sufficient light intensity to meet the threshold conditions for photo- 
graphic recording. Image intensifier tubes can then be used which amplify the input 
light intensity by a factor of 10 s . The limiting factor for recording low-intensity 
phenomena is then set by the dark-current scintillations. 



( C ) Streak photography 

For adequate resolution of the fastest processes occurring in high pressure dis- 
charges, streak camera techniques must be employed, and the image intensifiers now 
available provide sufficient sensitivity for electro-optical shutters to be used in this 
yvay. Considerable progress has been made recently by Wagner 19 and Koppitz 11 at 
Hamburg and by Meyer and Cavenor 20 at Armidalc. Deflecting electrodes 
incorporated into the image tubes permit a lime sweep to be introduced into the 
display on the image tube screen. Usually a sharply rising voltage is applied to one 
pair of deflecting plates to produce a linear sweep of the image across the tube 
screen. An experimental arrangement used in very recent investigations by Meyer 
and Cavenor is illustrated in Figure 5. By opening the shutter of the camera for 
only 1 /50 s, undue exposure of the film by dark current scintillations of the phosphor 
was avoided. Release of the shutter produced, with the help of a thyratron pulser, 
a trigger spark which caused the gap TGI to break down. Ultra-violet light from this 
gap entered the spark chamber through a quartz window and triggered the main 
gap. Then the trigger gap pulse passed through a variable length of decay cable to 
break down TG2, which triggered the sweep generator providing a push-pull ramp 
voltage for the deflection plates of the converter. The pulse continued through a 
second delay cable to initiate breakdown in TG3. This provided a negative voltage 
pulse of subnanosecond risetimc and microsecond duration for gating the converter 
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Figure 4. Apparatus for high speed shutter photography using 
image converter. 




Figure 5. Apparatus for streak and shutter photography using 
image converter and intensifier. 
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tube. After closing the converter the same pulse passed on to the intensity control 
grid of a Tetronix Tek 5 1 9 CRO thus dimming the trace of the current pulse. In 
this way the development of the spark observed optically could be correlated with 
the increase in current oscillographically. 

(d) Spectroscopic investigations 

If spectroscopic studies of sparks are to yield significant information they must 
be capable of very high time-resolution. Very fast risetime photomultipliers are 
therefore essential to record the spectrally resolved intensity output of the mono- 
chromator. Often the studies are complicated by the varying opacities of different 
spark channels or the varying emissions from different atomic or molecular sources 
in gas mixtures such as air. Consequently considerable effort has been devoted 
recently to studies in relatively pure hydrogen and much of our improved under- 
standing of the channel formation processes is due to complementary studies in 
this gas carried out at Hamburg and at Armidale. The principle of the methods 
used is illustrated in Figure 6 which shows the arrangement used by Meyer to study 
the emissions from the coaxial cable discharges produced at Armidale. Light from 
the required region of the spark was isolated by the entrance slit of the mono- 
chromator and detected by fast risetime photomultiplier. Recordings of the 
spectrum were made from 2500 to 5000 A at each position and from accurate 
measurements of line and continuum intensities and line profiles information 
about the electron temperatures and electron densities respectively as functions of 
time and position could be obtained. 
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4 Experimental investigations 

The sequence of events involved in the development of spark channels depends very 
greatly on the percent overvoltage applied to the spark gap. Marked visual differences 
exist between the various phases of development in the low (« 1%) and highly 
(15-50%) overvolted gaps. These differences stem from the fact that at low per- 
cent overvoltage both primary and secondary avalanches contribute to the growth 
of current, whereas at very high overvoltages high amplifications can be produced 
in a single avalanche which then change the luminous appearance of the spark 
channel as it develops. We examine first the results of investigations with low per- 
cent overvoltage. 

(a) Studies at low percent overvoltage 

Willi low overvoltages the early stages of current growth between plane parallel 
electrodes may be understood in terms of the superposition of succeeding 
generations of avalanches. At voltages fractionally below that required to produce 
a spark a diffuse visible glow has been observed 21,22 at more or less stable currents 
of about 1 nA. Even with moderate overvoltages dynamic studies by Schroder and 
by Doran 36 have shown that the current may remain diffuse to quite high current 
levels (« 100 A in N 2 ) before a filamentary spark channel is formed. These early 
stages have received a great deal of attention and theories of the formative times 
involved in the current growth have been propounded and tested experimentally. 
Figure 7 shows a comparison between the current growth in air at atmospheric 
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Figure 6. Arrangement used for spectroscopic investigations of 
hydrogen discharges at low overvoltage. 
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Figure 7. Comparison of growth of current in air for various 

overvoltages obtained experimentally ( ) by Bandel" and 

calculated (-) by Ward." 
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pressure measured by Bandel 23 and the theoretical curves computed by Ward 24 
for a number of different overvoltages. The dominant influence of the overvoltage 
is clearly seen. More recently K6hrmann 2s has taken his calculations up to times 
where a partial voltage collapse occurs. For times greater than this, however, a 
satisfactory theory is not available because of the great complexity of the 
phenomena. 

After the initial steep fall in voltage a step may occur in the voltage-time 
characteristic, followed by a further drop. In air at atmospheric pressure the 
duration of the step is usually less than a microsecond and increases rapidly as the 
pressure is lowered. Although the step duration is much larger in hydrogen, it may 
vary in random fashion from one discharge to another. Rogowski and Tamm 26 
first identified the first voltage drop with the appearance of a diffuse 'glow' dis- 
charge and the second with the change to a filamentary spark channel. Saxe, ls 
using an image converter tube as a fast shutter, confirmed the appearance of a 
bright channel developing from a diffuse discharge and from spectroscopic 
investigations in air showed that light from the diffuse glow consisted almost 
entirely of the second bands of nitrogen, with atomic lines and acontinuum 
appearing as the channel began to develop. Subsequent studies of these phases of 
the discharge by Allen and Phillips 27 and by Schroder 17 confirmed the main 
features although Allen and Phillips did not observe any marked difference in the 
spectroscopy of the two phases in air and nitrogen. Schroder was able to correlate 
the development of the diffuse glow and the growth of luminous filaments with 
the current oscillograms and his observations that the rate of rise of current 
depends on gas pressure have also been confirmed by Vorobev, Golynskii and 
Mesyats. 28 

The major effort in recent years has been directed towards an understanding of 
the phenomena in the molecular gases H 2 and N 2 . The events in H 2 can now be 
reproduced satisfactorily and in much more stable form. They have been studied 
in detail at Armidale by Meyer and Cavenor 20 who found, however, that the 
intensity of light output from the spark gap did not become sufficiently high to 
be recorded by the image intensifier until some 200 ns of the immediate post 
breakdown regime had elapsed. Thereafter, different phases in the development of 
the discharge could be identified with the structure of the current oscillogram. 
Figure 8 shows a typical growth of current curve for hydrogen and helps to define 
the different time intervals used by the various investigators. 

At time t = t the threshold criteria for breakdown have been satisfied so that 
for t < i we have pre-breakdown conditions. For times / > r we may identify 
five phases in the development of the spark channel: 

(1) t <t < t a (see curve (a) of Figure 8. This is the immediate post-breakdown 
regime extending from currents = 10" 6 A up to = 1 A. The time t a normally 
represents the zero of time for studies in H 2 to be described in this review. 

(2) t a <t<t b . The glow formation stage where the current rises to a maximum 
before decreasing into the next stage. 
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Figure 8. Typical growth of current curve for low overvoltage 
spark showing times to various stages of development. 

(3) >b <t<r c- Th e diffuse glow discharge region where the current increases 
linearly. 

(4) t c < t < t a . The filamentary glow region or the pre-channel region where a 
filamentary luminous channel develops out of the glow discharge column. 

(5) t d <t. The spark channel formation stage where the current rises extremely 
rapidly to establish the final spark channel which exists at later times. 

We can now summarize the information that has been obtained recently about 
these various phases in low overvoltage spark channel development in hydrogen and 
nitrogen. 

(i) The immediate post-breakdown regime 

Whilst the earliest stages of this phase are, as yet, inaccessible for studies in H 2 , 
Doran 36 has nevertheless been able to examine this important region in N 2 . His 
results which are reported at this conference are summarized in Figure 9 which 
shows the rise in current following the fourth generation of Townsend avalanche 
at t = 490 ns, a schematic drawing of streak photographs and the sequence of 
integrated shutter photographs. The later stages, as we shall see, resemble the 
general features observed in hydrogen and Doran's work in N 2 now gives some 
further insight into the earliest stages of the development in H 2 that have so far 
been inaccessible to observations. The velocity of the luminous front, initially 
moving towards the cathode, increases from 5 x 10 7 cm/s to 10 8 cm/s. Subsequent 
fronts moving to and fro in the gap have velocities => 2 x 10 8 cm/s and have been 
shown by Doran to be associated with changes in the local space charge induced 
fields which locally enhance ionization as they propagate through the gap. His 
measurements, made at a pressure of 300 torr with a gap separation of 2 cm and a 
percent overvoltage of 7-56%, represent an important contribution providing 
additional information to supplement the extensive studies at low (« 1%) and 
high (up to « 50%) overvoltages in hydrogen which are reviewed in this paper. 
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figure 9. Growth of current, schematic drawing of streak 
photographs and sequence of integrated shutter photographs 
for spark channel development in N 3 (reference 36). 

(ii) The formation of a diffuse discharge in hydrogen 

Figure 10 shows a series of shutter photographs taken by Meyer and Cavenor 20 
using the apparatus shown in Figure 5. In each photograph the gap separation was 
2 mm the position of the cathode, C, being indicated. In order to record satis- 
lactonly the luminosity in the early stages in the cathode region the magnification 
was made as large as possible. This resulted in the light output from the later 
stages of the spark channel at distances greater than approximately 1 -4 mm from 
the cathode being beyond the field of view of the converter photo-cathode The 
shutter closure time of each spark is indicated by a mark on the graph of the rise 
in current so that the first four frames record the development of the discharge 
during the rise in current immediately preceding and following the time U These 
same frames indicate a diffuse luminous region developing in front of the cathode 
extending progressively towards the anode. At the time t 4 when the current reaches 
a maximum the luminous region extends throughout the whole of the electrode 
space but appears considerably more intense in the region just before die cathode 
Ine development of the discharge radius in these times follows the current pulse ' 
as seen by the streak photograph in Figure 11 obtained by Meyer and Cavenor 
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Figure 10. Series of shutter photographs showing development 
of spark channel in hydrogen. Shutter closure times are 
indicated on current oscillogram, [p = S00 ton; d = 2 mm; 
C indicates position of cathode.) 

Here a region 0-4 mm in front of the cathode was singled out by a narrow slit and 
the diameter of the discharge in 650 torr of H 2 was observed with the time axis 
parallel to the channel. The radius increases rapidly to a value of about 0-5 mm 
before decaying slightly to attain a minimum after about 20 ns. Meyer's spectro- 
scopic studies 29 of the thin glow in front of the cathode during the first current 
step revealed the spectrum shown in Figure 12. This continuum emission with a 
maximum below 3000 A is caused by molecular hydrogen and is usually observed 
in high pressure glow discharges. No evidence of Balmer line emission was observed 
in these early stages. 

(iii) The diffuse glow discharge in hydrogen 

Frames 5 and 6 of Figure 10 were taken with the aperture of the first lens slightly 
reduced and show the appearance of the discharge during the glow t b -t c . At time 
tb a structure is first observed consisting of a bright luminous region in front of 
the cathode surface, a narrow dark space and uniform glow extending to the anode. 
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Figure 11. Streak photograph in hydrogen with slit perpen- 
dicular to axis of channel at </ = 0-4 mm from cathode. 
\p = 650 ton, gap separation 1 mm.) 
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Figure 12. Spectrum of the light emission from the thin glow 
in front of the cathode during the first current step. 

This structure is maintained up to time l c . 

Spectroscopic observations of the glow phase recorded for a pressure of 650 torr 
from a region 04 mm in front of the cathode reveal a continuum with maximum 
intensity at \ = 31 00 A and the appearance, with low intensity, of the Balmer 
ty-emission. Observations of the variation of the intensity of the X = 3100 A 
emission shows that this drops sharply to very low levels as the current rises into 
the second step {Figure 13). 
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Figure 13. Variation of the intensity of the emission at 
X = 3 1 00 A in the diffuse glow and early filamentary glow 
phases, [p = 650 torr, position 0-4 mm from cathode, gap 
separation 1 mm.) 
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Figure 14. Typical shutter photograph and idealized micro- 
photometer scan of the luminous structure near the cathode 
during the diffuse glow stage. 
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Further information about the axial and radial structure of the glow phase was 
obtained by shutter photography. F ig ure 14 shows a typical shutter photograph 

™ f ° P h0t0me,er ! can of the s,r "cture near the cathode from which estimates 
of the dark space may be obtained. This is found to be independent of electrol 
separate although it decreases linearly with increasing gas pressure. The resu.t of 

Z'eTfT:, T radia T CtUre Pr0VC mUCh m ° re '"testing as shown by the 
senes of gutter photographs in Figure 15 taken at 500 torr with gap separations 
be ween 0-8 and 1 -8 mm. The shutter closed 20 ns after the time , b For gaps 
> 1 2 mm the area of the cathode glow is found to be independent of the gap 

7eZ 2 "IT g3PS < ! 1 ^ ,he Calh ° de gl ° W COVers an increasingly 

ferhair 5 SePaiatl ° n ' S deCreaSed - A Simi ' ar *°* "» "PP«« « thfanode 
Perhaps the most mterestmg observation is that which reveals in the radial structure' 
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f-'gure 15. Senes of shutter photographs taken at p = 500 ton 
in hydrogen with gap separations between 0-8 and 1 -8 mm 
showing the s.milarity in the luminous structure for d > 1-2 mm 



a central peak in intensity, surrounded by a less intense luminous ring. At the later 
stages of this glow discharge phase the central peak becomes increasingly intense 
and more concentrated at the axis. 

(jv) 77ie development and growth of the luminous filament 

Frames 7-10 in the series of shutter photographs of Figure 10 show an increase 
in luminous intensity occurring along a thin filament. These filaments originate 
near the anode and then extend across the gap towards the cathode. When the 
filament reaches the dark space a second quasistable state is attained and the rate 
of growth of current slows down. These phenomena occur in the time interval 
/ <t <t d . Measurements of the discharge current show that at constant electrode 
separation the current increases with increasing gas pressure. Furthermore, the 
voltage across the gap immediately prior to the transition to the arc is nearly the 
same for all gap separations d>d crtt . At d <d crit this voltage is lower and when d 
is very small no transition from glow to arc or glow to spark takes place. During 
the rise of current into the second step the intensity at 3100 A falls to some lower 
level whereas the Balmer lines Ha, H e and Hy increase in intensity, as does the 
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Figure 16. Variations of electron density, n e , and electron 
temperature T e at two positions in the gap during the filamentary 
glow and final spark channel phases. 
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con,,nuu m . above X - 4000 A. The profiles of the H„ and H 7 lines measured a. 
P- 650 torr have been compared with Griem's theoretical profiles and in this wav 
Meyer has estabhshed the variation of ion density n, with time shown in Figle" 

varia ion U n 'r T "^T * ^ ?* ° f H <H ine /continuum yielded the 
Venation ol Tf W|th t , me s| , own fa ^^ ; ^ ^ 

for contmuum emission of H-a.oms the re.ative continuum intensity in ,he n r " 
LJV has been calculated and compared with the observed spectra. In this way it 
was possible to show that a. the time when the current reaves th second Vo a |. 

ntto'I No" 3 , 600 , A " CaUSCd ^ brCmSStr ah,U " 8 and "combiner XJ 
hydrogen. No molecular emission appears at this stage 

The streak photographs {Figure 11) show clearly the decrease in radius of the 

gbw dtscharge phase The intensity of the luminous ring decreases whi.st the 

central peak gams in luminosity until with the rise into the second step of the 

current oscillogram the discharge shows a well-defined filamentary appearance 

Throughout th,s period the cathode dark space remains unbridged by ^ne develop 

uig filamentary channel and no evidence of a cathode spot is obtained '' 

(v) The formation of the spark channel in hydrogen 

th.fi thinTilh 1 , 5 ? !1SI2" '■; ,he shutter photograph ' ' u**™ ] °) ™«* 

! ! M b »ghtjunct,on badges the dark space, at the same time that the current 
rises suddenly imo the state where a complete voltage collapse occurs With the 
increase m luminous intensity this integrating method must rely on a change of 

mnhWJ? m E" - "* ^ "I*** and il is ™* with streak photo- 
graphy (Ftgure 11) that any ambiguity about the significance of the apparent 
disappearance of the broad diffuse luminous region is removed. With the final rise 
of cur™, mto the phase of complete voltage collapse the intensity of the sp r 

tnZ ZZ a f rad ' al eXPanSi0 " ° f thC filament ca " * e ^tected in frame 12 
(figure WyTh Q[ t in the fina] s(ep . s yery r jncreas . 

5 A in ns is independent of the gap distance but varies with the gas pressure 

„kt 51' !! ab ° Ut ' he CrUdal StageS ° f transition from glow-to-arc were ' 
ob tamed by Meyer and Cavenor by streak photography of the developing channel 

o m tion T 7 S ^ rpendicUlar t0 lhe cha ™ el ^ in Figure 1 7. This reveals the 
forma , on of a Iummous spot close to the cathode before the wave of luminous 
exc.tat.on moves towards the anode with a velocity v n = 2-2 x 10 6 J n i 

S£r*= p d hot ,T phs a much s,ower w -^ ^ ?>- » 'hX 

occu s' Ab0 ! An r "Si* at WhJCh thC CUrrem rise into the «*«"» »ip 
occurs. About 30 ns after ,, both waves meet in the gap close to the anode 

Spectroscope investigations again led to values of both n e and T e and when the 

Tx s To"TJZT,rf etely "< at ,he cathode ^-pid^: n at a rum 

incre^ in , Tn „ ?" deC3yS again - ^ few nanoseconds later this 
™ °1 mm fr ° m thC Cath0de - No evidence of metal vapour lines was 

ceaserAtT 2 ^ '" "* de * e,0pment <* 30 ° " s a " e ' '-> when the currenT 
observef * ^ aSS ° datCd "** ,he metal Va P our could *«» be 
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Figure 1 7. Streak photographs of glow-to-spark transition taken 
with time axis perpendicular to the channel. Positions of 
photographs correlate with time axis of current oscillogram. 



(b) Studies at high percent overvoltages 

With sufficiently high percent overvoltage it becomes possible for a single 
avalanche to create conditions in mid-gap which favour the development of 
relatively narrow luminous filaments, referred to as streamers. We first consider 
briefly the conditions required for their appearance and subsequent growth into a 
spark channel. 

(i) Channel development from a single avalanche 

The significant parameter is generally believed to be the total number n, of 
electrons (or positive ions) in the avalanche. Depending on the gas, overvoltage and 
other conditions the critical value of n is usually taken as 10 8 to 10 9 electrons so 
that « initial electrons traversing a distance x will have a good probability of 
initiating an avalanche-streamer-spark channel sequence of events if n [n exp (aic)] 
becomes = 10 9 . These critical amplifications must be attained at distances* <d 
(the gap separation) and cannot be achieved in a single avalanche under conditions 
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near static breakdown because for most gases and electrode materials co/a (the 
generalized second Townsend ionization coefficient) is > IO -9 and ensures break 
down by the Townsend mechanism before the critical amplification is achieved at 
x <d (reference 29). One can, however, ensure the necessary conditions by: 
(i) increasing the initial number of electrons n by focussing an intense light 

flash on to a spot on the cathode; 
(ii) adding an organic vapour such as ether, methalyl or methane in order to 

reduce co/a to values < 10" 9 , or 
(iii) speeding up the ionization processes by considerably overvolting the spark 

gap thus ensuring a large increase in the value of a to a' so that 

n x exp (a'd) becomes = IO 9 before the avalanche traverses the gap. 
In this case photons coming from near the anode have no time to build up 
successive generations of avalanches although many secondary avalanches will be 
initiated by photons coming from the primary avalanche during its progress across 
the gap. Thus in a heavily overvolted gap it is highly unlikely thai a single 
avalanche will grow to a high value of n in complete isolation from subsequent 
generations. 

Figure 18, which is a photograph by Tholl 30 of a suppressed overvolted dis- 
charge, illustrates these points well. The gap was 3 cm wide in N, at 300 torr the 
!7 °/ n C - r 7 0SSing 0f lhe avala "che was 21 x IO" 7 s and the voltage removed after 
3-4x10 s, thus arresting the discharge. The primary avalanche has given rise to 
a bright filament growing towards the cathode from the anode and the light from 
the cloud of secondary avalanches following the primary one can be clearly seen 
In fact some of the earlier secondary avalanches have grown into visible streamers 
under the influence of the space-charge distorted Held and may be seen as streaks 
near the anode. 




Figure 18. Photograph of suppressed overvoltage discharge in 
N, al 300 lorr (reference 30). 
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(ii) The anode- and cathode-directed streamers 

When an electron avalanche has attained the critical carrier amplification fa the 
gap, anode- and cathode-directed streamers then appear. Allen and Phillips 
observed a narrow bright region in the cathode streamer behind the point where 
these critical conditions were believed to be satisfied and Tholl 31 noted its persistence 
as a constriction or 'neck' in the latest stages of the spark channel development when 
the current exceeded 10 A. Wagner 32 also examined these streamers and estimated 
the velocity with which the luminosity extends in each direction. In a coordinate 
system moving with the drift velocity of the electrons he found the velocities to be 
the same and suggested that it is the streamer electrons that are responsible for 
further propagation of the streamer. At a later stage in the development Wagner also 
observes an abrupt intensity increase and accelerated propagation of the cathode- 
directed streamer. He attributes this to the effect of secondary electron avalanches 
merging with the cathode-directed streamer having been initiated at the cathode by 
a photoelectric effect. The final bright spark follows the arrival of the cathode- 
directed streamer al the cathode when a series of very fast luminous fronts propagate 
across the gap as observed by Koppitz. ' 

Tholl 31 has also investigated these streamers using both arrested discharge and 
spectroscopic techniques. He found, for hydrogen, that, with increasing percent 
overvoltage, the constriction appeared at smaller and smaller distances from the 
cathode as shown in Figure 19. This figure also shows the degree of correlation 
between the distance x k at which n exp (ax*) = exp (20) and the observations. 
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Figure 1 9. Position of constriction (or 'neck') appearing in 
hydrogen as a function of percentage overvohage. Full line is 
obtained from criterion, «„ exp (ax^) = exp (20); »i = 330. 
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(iii) Die formation of the spark channel 

By extending his studies to hydrogen Tholl was also able to record the distribution 
of temperature and ion density in the developing channel. In the constriction the 
ion density was lower than in other parts of the spark. Outside the constriction the 
density is at first higher but then rapidly decreases to values lower than that in the 
constriction. Also the temperature in the constriction decreases more slowly than 
elsewhere and within 500 ns temperatures decrease from about 2 x 10 4 °K to about 
8x10 K. The pre-discharge channel established by the anode- and cathode-directed 
streamers has a relatively low conductivity » 10~ 3 A/V cm but as more energy is 
delivered to it a plasma channel with much higher conductivity > 10"' A/V cm is 
formed. The axial distribution of temperature and ion density is very inhomogeneous 
in this plasma channel and according to Koppitz" this is responsible for the axial 
inhomogeneities observed in his recent investigations of the radial and axial develop- 
ment of the hot plasma spark channel of the later stages. ThoU also measured the 
channel radius and showed that the channel expansion at first begins at the con- 
striction or 'neck', followed later in the anode- and cathode-directed parts. After 
about 50 ns, Figure 20 shows the channel radius remaining approximately constant 
in the constriction but decreasing at different rates in the cathode- and anode- 
directed streamers. The maximum radius of the channel (= 0-7 mm) occurred in the 
anode-directed streamer. In the cathode part and in the constriction, the radius 
did not exceed 0-5 mm. 
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Figure 20. Variation of radius with time of various phases of 
the spark channel. 

(iv) Channel expansion 

This complex behaviour of the channel has been examined in more detail 
recently by ThoU 12 and by Koppitz." Tholl has used the method of section 1 1(a) 
to obtain an oscillating spark in H 2 at a pressure,/? = 460 torr and from spectro- 
scopic measurements found the temporal variation of the radial distribution of 
electron density and temperature. At the maximum current in the first half period 
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Figure 21. (a) Comparison with the theory of Drabkina 7 : 
C = I OpF; L = 0-84 nH ; p = 460 ton; 
U B = 26-5 kV. 
(6) Comparison with the theory of Braginskii* : 

C = 10 pF; L = 0-84 n»; Rd = 2 8 O; I max = 1 140 A; 
p„ =460 torr in H,. 
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( = 1800 A) the maximum axial temperature was 5 2 x 10 4 °K. At the beginning of 
the channel expansion n e <w 10 18 cm" 3 and at the end of the expansion * 10 17 
cm 3 . This corresponded to a pressure increase at the beginning of the expansion 
of the channel = 20 p which by the end of the first half period decreased to 
* 3p and agrees well with the pressure variation calculated from the expansion 
velocity of the channel using Braginskii's theory. The energy supplied to the spark is 
expended in approximately equal amounts between ionization, heating and 
expansion of the spark channel. 

Further information about the radial expansion of the spark channel has been 
obtained by Koppitz in an extension of the work of Wagner. He finds that for his 
experimental conditions Braginskii's theory is much more satisfactory than 
Drabkina's as can be seen by the comparisons in Figure 21(a) and (b). 

5. Interpretation of observed phenomena 

The schematic diagrams of Figure 22(a) and (b) summarize the general features of 

the development of spark channels under conditions of (a) low percent overvoltage 

(b) high percent overvoltage. Detailed theories capable of explaining the complexity 

of the phenomena are not available at present. However it is possible to offer 

reasonable explanations of the main features in each case and these are summarized 

below. 
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Figure 22. Schematic representations of main features of 
spark channel development (a) at low percentage overvoltage, 
(b) at high percentage overvoltage. 
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(a) Low overvoltage phenomena 

The glow structure develops from successive avalanches in the manner treated 
theoretically by Kdhrmann." The initially uniform field becomes distorted by 
positive space charge near the anode as observed in N 2 by Doran and a progressively 
greater field then develops on the cathode side as the space charge maximum moves 
towards the cathode setting up a high electric field in this region. This high field 
aves rise to positive-ion induced electron emission in addition to photoemission and 
the electron current increases. Space charge increases further and the concentration 
of enhanced field leads to the growth of the narrow intense glow in front of the 
cathode. As the current continues to increase an increased field gradient develops 
near the anode and it is in this region that the filamentary glow appears and where 
the production of hydrogen atoms by dissociation of H 2 takes place. The higher 
conductivity leads to distortion of the field lines so increasing the field on the 
cathode end of the filament which consequently extends towards the dark space. 
With the development of this highly conducting filamentary glow the gradient across 
the cathode fall and dark space increases making possible the sharp transition to a 
more efficient cathode mechanism involving perhaps field emission. When the 
cathode fall conducts the increased current the final collapse of voltage takes place 
and for H 2 we then observe the ionizing wave move through the gap leaving 
behind the highly conducting channel. 

(b) High overvoltage phenomena 

In these conditions the appearance of luminosity in mid-gap is associated with 
the high electron carrier amplification in the initial avalanche. The subsequent 
development of luminosity in both anode and cathode directions with equal 
velocities as measured relative to the drifting coordinate system, suggests that this 
transition from avalanche to streamer is being controlled by the electrons in the 
initial avalanche. It is clear from the increased luminosity appearing in the cathode 
streamer that at some later stage the secondary avalanches produced by a surface 
photo effect contribute to the current growth. However it is not so obvious in view 
of earlier considerations of the role of photoionization in the breakdown 
mechanism 33 that because of the exponential dependence on E/p of the 
normalized velocity of the anode-directed streamer that photoionization and 
ionization by impact in the spacecharge enhanced field are essentially effective in 
the streamer propagation in pure nitrogen. A theory to explain how this can occur 
in pure gases has not yet been satisfactorily developed. 

Once the highly conducting spark channel is formed and almost fully ionized 
conditions exist with electron densities * 1 18 cm" 3 , excess energy given to the 
electrons will be distributed equally among all gas particles within a few nano- 
seconds because of the very high cross-sections of electron-ion interaction. This 
means that through ohmic heating of the ionized gas inside the spark channel the 
energy stored in the external circuit is converted into kinetic energy within a very 
short time after the channel becomes 'hot'. The pressure increases rapidly, the hot 
plasma acts as a piston on the surrounding gas as envisaged in Braginskii's spark 
model. 
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A shock wave is generated by the action of this piston which accelerates the 
shock as long as any considerable amount of energy is released inside the spark 
channel. For a condenser discharge this seems to last as long as the first half wave 
of current and Braginskifs formula for the spark channel radius holds surprisingly 
well indicating that heat conduction losses from the channel, not taken into 
account by Braginskii, may be neglected. 

If the energy release ends at a time when the pressure generating the shock is 
very much greater than the external pressure, p 0% so that p may be neglected, then 
the shock from then on becomes very similar to a blast wave which in the case of 
cylindrical symmetry gives an expansion an. Drabkina's formula for the shock 
wave holds for this case but only if one can neglect the lime of energy release as 
compared to the time during which the shock expands freely. When it becomes 
necessary to consider the external pressure the self-similarity solutions for the 
shock wave no longer hold and one must resort to approximate solutions such as 
those of Sakurai. 34 For the cable discharges investigated at Armidale by Somer- 
ville .^Fowler and others, the time for energy release is very short indeed so that 
the /> expansion law holds in the early stages of the development where the shock 
wave and channel boundary are not separated. 

In summary this review has presented the main features that now appear to 
determine the growth of spark channels under widely different conditions of over- 
voltage. Emphasis has been given to phenomena leading up to the final stages of 
the spark channel formation and no attempt has been made to deal with the 
minutiae of the complex phenomena. 
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Introduction to Paper 15 (Kohrmann, The 
development of the Townsend discharge, 
with time, to breakdown') 



The paper by Kohrmann is aimed at calculating the temporal growth of a Townsend 
discharge up to the time at which the collapse of the discharge voltage occurs. The 
calculations are carried out for currents well above those previously considered. 
Four stages in the development of the discharge are distinguished and their 
behaviour examined. The theoretical treatment is, as discussed by Haydon in paper 
14. in general agreement with experiment. As successive avalanches develop in the 
discharge gap, the applied electric field becomes distorted by the positive space 
charge created near the anode. The space-charge maximum moves towards the 
cathode, thus increasing the electric field near the cathode. This field encourages 
secondary electron emission from the cathode by positive-ion bombardment in 
addition to that by photons, and the current increases. As the process continues a 
narrow intense glow ('cathode fall') first develops in front of the cathode, followed 
by the development of a high-gradient field at the anode. A filamentary glow 
appears in this latter region, the field lines become distorted, and the filamentary 
glow extends towards the cathode. The voltage gradient across the cathode-fall 
region and the dark space in front of it increases considerably and so does the 
secondary emission from the cathode. Finally, the voltage collapses and both from 
Kohrmann's work and from experimental studies an 'ionising wave' is observed to 
travel from anode to cathode leaving behind it a highly conducting channel. The 
subsequent development of the spark channel is described in paper 16. 

Further Reading 

Miyoshi, Y.,Phys. Rev. 103, 1609, (1956) and 117,355,(1960). 

Davies, A. J., Evans, C. J. and Llewellyn Jones, F.,Proc. Roy. Soc. A281, 164, 

(1964). 
Also references given in papers 14 and 16. 



15 

Development of the Townsend discharge 
with time, to breakdown 

W. KOHRMANN* 



The current rise of the Townsend discharge was calculated for a plane discharge 
gap in hydrogen (pd = 1000 torr cm); the calculation starts from the original 
development with no space charge, and is taken over the stage where the space 
charge of the positive ions and electrons is active to the point where the voltage 
across the discharge gap falls. The model used for the calculation includes the 
ordinary processes like carrier movement and collision ionization (represented by 
the Townsend differential equation) along with photoelectric production at the 
cathode (y Ph effect). An essential factor for these processes is the influence of the 
field strength which, according to the Poisson equation, is related to the resulting 
space charge of the ions and electrons. The results of the calculations enable the 
following stages in the development of the discharge to be distinguished: during 
the initial build-up of the space charge (A) the development of the current is 
accelerated. In the next stage (B) a cathode fall is formed which supplies the 
electrons for the remainder of the zone. A further rise in current in this region is 
produced by an ionization wave (C): this wave passes (at about five times the 
electron dnft velocity) from the anode in the direction of the cathode. In the final 
stage (D) the discharge consists of the cathode fall and an associated plasma in 
which there is no longer any noteworthy ionization. The restricted conductivity of 
this plasma, along with the resistance in circuit with the discharge gap, means that 
the voltage is only partially broken down at the discharge gap. This partial break- 
down was observed during earlier experimental studies, and has been taken as a 
characteristic of the Townsend structure. The results of the calculation are thus 
confirmed experimentally. 

The progressive development of the Townsend discharge into a high-current 
type of static discharge can be explained in terms of its current voltage properties, 
which show a continuous transition from the Townsend discharge to the spark 
discharge. A static measurement of the current-voltage characteristic comes up 

* Reproduced from Zelisehrift fur Naturforshung, 19a, 926. (1964). 
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against difficulties, particularly at high pd, because the discharge is to a high degree 
unstable. Thus it is preferable to use methods in which the transition to the high- 
current type of discharge is followed continuously. 

Experimental studies of this kind (in the homogeneous field of a discharge gap) 
have been carried out in various gases at low current densities. '■ 2 The increases in 
current observed can be explained by a simple theory, based essentially on the 
assumption of a modified gas amplification, fa dx, of the electron avalanches in 
the space-charge field of the positive ions. For this theory to be valid the field 
distortion must be low (about 10% at maximum) so that the customary picture 
of the course of the discharge with time can be used. 2-4 However, these increases 
in current, which amount to about 10~ s -10~ 4 A/cm 2 , are only the start of the 
process that leads to breakdown. 

An essential later stage in the Townsend discharge can be seen from observations 
of the course of the voltage at the discharge gap. Studies in air, hydrogen and 
nitrogen 5,6 have shown that the voltage only undergoes partial breakdown, to a 
value of (0-6 . . . 0-8)U D . The associated current density of about 10"' A/cm 2 is 
about three orders of magnitude higher than in the current increases mentioned 
above. At the partial breakdown stage the discharge occupies the whole cross- 
section of the discharge gap. The spark does not appear until there has been 
complete breakdown of the voltage. 7 Since (under the same experimental 
conditions) complete voltage breakdown can occur through the kanal mechanism, 
the voltage oscillogram can be used as an empirical criterion for the boundary 
between the Townsend mechanism and kanal mechanism. ' 

The aim of the present paper is to calculate the rise in current with time of the 
Townsend discharge above the present limit of 10" 4 A/cm 2 up to the voltage 
collapse region. The model used for the calculation is one dimensional with the 
current density uniformly distributed across the discharge gap. This means that 
only x and t appear as independent variables. It is also assumed that only the usual 
processes such as collision ionization, charge-carrier movement and feedback to 
the cathode due to the photoeffect are active. The effect of the field strength 
(which according to the Poisson equation is related to the charge distribution) is 
decisive for these processes. The assumptions made about these processes are set 
out in full in section 1 . In line with the experimental conditions in reference 6, we 
assume that the discharge gap (with a self-capacitance C) is connected to the current 
supply by a series resistance R. 

The calculation is carried out for a special example (as regards type of gas, 
pressure, distance, overvoltage etc.). Detailed discussion shows that the following 
discharge parameters can be chosen at will: a d, vjv. , and the course of 
a/a =f(E/t' ) (where E and a relate to the onset of the discharge). The over- 
voltage (or the value n ph ) seems to have a great effect on the course of the discharge. 
However, the theory valid for low current densities shows 4 that rises in current 
which have initially different courses take on a uniform (asymptotic) course under 
the influence of the space charge. The overvoltage thus seems to be a free discharge 
parameter. Of the other discharge parameters, only a/a can basically be varied, and 
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that by the selection of another value for pd. If we limit ourselves to pd > 100 
torr cm, the example given here is of general validity. 

A paper published recently calculates the rise in voltage for a Townsend discharge 
(w,pd = 7601 torr cm), 8 - 9 but on the basis of a uniform voltage in ihe discharge 
gap. Thus it is not possible to compare these results directly with the ones given 
here. 

1. Basic equations 

The production of electrons and ions in a gas space is described by the Townsend 

differential equation (for its generalized form, see reference 10): 



dn_ 3/_ 

dt -ta + <v-/+ ss «v* 



(i) 

(2) 



The development of the discharge over a period of time is determined by the 
electron current leaving the cathode (equation (3)). Equation (4) is a boundary 
condition for the ion current: 

a 

/_(0, /)=/>(/)+ J j_(x,t)b(x,t)dx 
a 
= />(') + 1 P „ \ /.(*, a(x, t) dx ( 3 ) 

o 

h(d,t) = (4) 

The field conditions in the discharge gap can be obtained from the Poisson 
equation: 



dE 



(5) 



The discharge gap (with self -capacitance Q is connected to the current source U 
by the resistance R (Figure 7). The following then applies: 

d 
(/(/) = f E(x,t)dx 



with 






o 

d 



J-iO^j jj-(x,t)dx 
F= electrode surface or discharge cross-section. 



(7) 

(8) 

(9) 
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Equations (6) to (9) have been used hitherto only for the movements of a few 
charge carriers in a practically homogeneous field; a derivation of these expressions 
tfhicfa also proves their applicability to strongly distorted fields will be found in 
teference 9. 

The drift velocities u_ and v + are given as linear functions of E/p. Various 
analytical expressions are used for the collision ionization coefficient a depending 
n the E/p region. The coefficient 5 is assumed to have the same dependence on 
field strength as for a: 6 =7ph"- 

The example treated has the following data: 
Hydrogen: p = 500 torr, d = 2 cm. 

7p h = 8-34x I0" 4 ;£"o= 1984 x 10 4 Vcm"': 
(f/ - Ud)IU d = 0-2%; n ph = 1 1 1 1 , F = 100 cm 2 
i>_ = 307 x 1 s E/p; « + = 8-78 x 10 3 E/p. 

The discharge is started at the time t = by a pulse of light giving 1 2 initial 
electrons at the cathode: j F (t) = q . 6(f), q = 1 2 q e . This example has already been 
used for the simple theory. 4 

2. Results of the calculation 

Using the method of calculation described in Appendix 1 , the field strength, the 
current densities /'+ and/'_ and the charge densities h + and n_ were calculated for 
a series of moments /„. The following stages of discharge could be distinguished: 

A. Formation of initial space discharge v= 1 ... 20 

B. Development of the cathode fall u = 21 ... 30 

C. Rise in current due to the ionizing space wave v = 31 ... 50 

D. Plasma with limited conductivity v = 5 1 ... 62 

A survey of this time interval will be seen in Figure 1; this shows the current 
components J + (0 and /_(/) as well as the total current ./+(/) +/_(/). We shall now go 
on lo discuss the individual stages in detail: 

Formation of initial space discharge (A) 

The current densities of the electrons/, and the ions /+ are about the same size 
here (Figure 2). The predominant space charge is that of the positive ions « + ; the 
ions remain longer within the discharge gap because of their lower drift velocity. 
Because of the initial structure of the positive space charge, with a maximum in 
front of the anode (Figure 3) the field strength decreases at the anode and builds 
up at the cathode. The structure of the positive space charge is maintained over a 
large time interval although its size is increased by about two powers of ten. 2 This 
can be explained by the steep rise in the current (as a result of this the ion 
migration can be ignored), and in particular by the change in the electrical field, 
within which the zone of production of the ions is displaced in the direction of 
the cathode: in this way the ion distribution typical of the case without space 
discharge is produced by the interaction between production and migration. 
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Figure J. Variation with time of the current components J_ 
and J t and the total current (J. + 7.). The times t v are marked 
by circles. The dotted line in the lower part of the diagram is 
the course as calculated from reference 4; the scales on the 
right-hand side give the standardizations y = K,J. and : = K.J.. 
The current curve beginning at I = is shown in Figure 5 of 
reference 4. 




Figure 2. Current densities/, (x) ( ) and/, (x) ( ) 

for various times l v ; the values of v are marked by circles here 
and in the later diagrams. 




Figure 3. Space charge densities n,(x) ( ) and n. (x) 

( ) for various times t„. 

The development with time undergoes considerable acceleration during the A 
stage; the time constant rises by a factor of about 20 as compared with the rise in 
the absence of a space charge (which is determined by u ph " W 11) (Figure 1). 

Development of the cathode fall (B) 

Towards the end of the A stage, a region of high field strength is concentrated 
ahead of the cathode (Figure 4). As a large electron current is flowing in this region, 
the ionization production a/_ (i.e. the number of ions or electrons produced per 
unit time and volume) is correspondingly high. There is nearly no production of 
ions and electrons in the rest of the region. 

In particular, the majority of the photons that release secondary electrons at 
the cathode are produced in the zone in front of the cathode. We can speak of a 
cathode fall, in line with the processes that occur during glow discharge.* 

During stage B the cathode fall is concentrated into a narrow zone (Figure 4). 
At the same time the electron current leaving the cathode fall becomes noticeable. 

• There are the following differences between this and the glow discharge process: (a) the 
secondary mechanism is the y ph effect, ions that can give the 7( effect reach the cathode at a 
later point in time, (b) the current density in this case is well below the current density or a 
normal cathode fall. Thus the cathode fall described here is inefficient and entails a much 
higher voltage drop than docs a normal glow discharge. 
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Figure 4. Course of the field strength E{x) and the coefficient 
aljc) for various times f„. 

An excess negative space charge builds up particularly on the anode-side boundary 
of the cathode fall. The associated decrease in field strength limits the outflow of 
electrons from the cathode fall. 

A detailed calculation of the cathode-fall region would be very involved since 
a fmenc d.vision than in the rest of the region is needed. In our further studies 
(•» ~ 34) we shall exclude the cathode-fall region (x < Jfj£ = £</); wc need then 



only consider the cathode fall from the point of view of an adequate supply of 
electrons. We take XK 

\tdx = 0\5U 



BS 



the voltage drop needed for the cathode fall. 



Ionization wave (C) 

After the cathode fall has been formed, an intensive current of electrons flows 
into the rest of the discharge gap and causes a change in the field relationships in 
the discharge gap. A significant ionization production aj_ appears first at the anode, 
partly because the field strength is highest here and partly because the electron 
current has a maximum here. 

It is interesting to find that this ionization process continues as a wave in the 
direction of the cathode (Figure 5). The velocity of this wave, 2-8 x 10 7 cm/s, is 
five times higher than the drift velocity of the electrons. After the wave has passed, 
both the electron and ion density have increased by a factor of four. 

The ionization wave represents a mechanism that brings about a rapid increase 
in current in the column of plasma. An essential condition for the appearance of 
the ionization wave is the inflow of a sufficient number of electrons to the cathode- 
side front of the wave; under our scheme these electrons are produced in the 
cathode fall. The mechanism of the ionization wave, particularly the simultaneous 
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Figure 5. Ionization waves, aj. is shown (in A/cm 3 ) for various 

times t„. The circles on the abscissae mark the centre of gravity 

of the curve concerned. Dotted line: i> = 2-8 x 10 1 cm/s. 
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appearance of the field strength maximum, can be appreciated from Figure 6, which 
shows the individual functions for two consecutive moments t 31 and t 39 . 

Two processes are responsible for the variation of n_(x) and « + f» with time. 
The first is the production of ions and electrons by collision ionization and the 
second is the motion of electrons (the movement of ions can be ignored in this case) 
A change in the resulting space charge is due exclusively to the motion of the 
electrons, since electrons and ions are produced in equal quantities. This can be 
seen at once if we use the Townsend differential equations (1 ) and (2) to give 



a&i--«+) __d/_ 
dt dx 
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.r(cm) 
Figure 6. Development of the ionization wave. 

Figure 6 shows the course of n_(x) and n + (x). The course of n_(x) is shown as a 
dotted line for / = t 39 , under the assumption that ionization is the only process. If 
the electron migration is also taken into account, we get the final (solid) curve. The 
resulting space charge n_(pc) - n + (x) is shown in the upper part of Figure 6; the 
displacement in the direction of the cathode is plainly visible here; according to 



the Poisson equation this will then bring about a simultaneous migration of the 

field strength maximum.* 

The passage of the ionization wave is accompanied by a rise in the total current 
(mainly an electron current) in the discharge gap. Because the discharge gap is 
linked to the external circuit, this brings about a fall in voltage (Figure 7). As a 
rule, when v > 45, a second ionization wave starting from the anode is produced. 
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Figure 7. Variation with time of the current /(f) and the voltage 
(/(f) in the discharge gap. Values for the equivalent-circuit 
diagram: R = 485 il, C = 28 pp. 



The amplitude of this second wave is much smaller than that of the first one, since 
the voltage of the discharge gap has fallen off considerably in between. This 
second wave is of no importance for what follows. 

Plasma with limited conductivity (D) 

Once the ionization wave has reached the cathode fall, a plasma has been 
produced in the discharge gap between x K and d which has no special structure as 
regards the ion and electron densities. The field strength is approximately constant 
withx for v = 55 (Figure 4). At the same lime the rise in current (or the decrease 
in voltage U(l)) comes to a standstill; the field strength has reached a value at which 
only slight ionization can lake place. 

The processes in the approximately stationary discharge are determined by the 
size of the positive space discharge /i + . The changes in field strength as given by 
the Poisson equation cause the negative space charge (in the form of rapidly 
moving electrons) to be the same as the positive space charge: B_ »» n + . The current 

* Probably the ionization wave described tierc involves the same process described elsewhere 
(Westberg, R. G., Pliys. Rev. 1 14, I . ( 1959)) as a curren t-incrcasing mechanism ('return art- 
plasma'). 
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transport is carried out chiefly by the electrons: /_ = v_n_, whereas the ion 
component/,, of the current is smaller, in proportion to the mobilities. The plasma 
that fills the space between the cathode fall and the anode has a limited conducive 
because » 4 is invariable. ^miy. 

As the discharge proceeds beyond v > 55, two processes are of importance- (n 
the production of an anode fall, (2) residual ionization, through which a slow rise 
in /j + (and a corresponding rise in conductivity) is produced. The anode fall is 
completely developed at about i>»57 (t = 31 ps); it then takes over the progressive 
regeneration of the migrating ions. 

3. Discussion 

Comparison with experiment 

tu ^ e c Ca " u hCCk thC reSUlt ° f ° Ur the ° ry against a me ^ured course of the voltage 
t/(/). For this purpose we have available an oscillogram taken at AU/U D = 2-5% 
The difference in overvoltage is not important, as explained in the introduction ' 
The comparison shown in Figure 8 reveals that the calculation reproduces the ' 
measurements: in the region t > 305 M s (stage D) there is an approximately 
constant difference between measurement and calculation. This difference can 

t P ha° n l" J o aSCribed '° thC f3Ct th3t ^ Cath ° de fa " needs a •**' volta 6 e drop 
The present calculation shows that the further development of the Townsend 
discharge under the conditions given here is bound to lead to a partial breakdown 
of the voltage An earlier explanation" located the partial breakdown in the spark 
channel stage (transverse instability'); an estimate of the energy involved in the 
discharge reveals however that it cannot be limited to a narrow channel in this 
case. Under certain conditions partial breakdown can also occur in a channel 
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figure 8. Course of voltage in the discharge gap, measured 

calculated. The time axis relates to the calculated curve. 
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structure, i.e. when the energy supplied to the discharge gap Cis not sufficient for 
the formation of a high-conductivity spark channel. The energy flowing through R 
will then give rise to total breakdown. This behaviour can be observed at low 
pressures in particular. 12 

Transition to normal glow discharges and electric arcs 

By analogy with the stationary discharge processes we should also expect the 
Townsend discharge to be changed into a glow discharge during ignition. The 
discharge in stage D, with its cathode fall, column of plasma and anode fall, has the 
structure of a glow discharge, but differs from a normal one by its lower current 
density and its higher voltage requirements. The data for a normal glow discharge 
in hydrogen at pd = 5002 torr cm are: 13 current density 16 A/cm 2 , ignition 
voltage 2-5 kV. 

As the experiments have shown, the discharge after stage D can become an 
electric arc (spark). This process corresponds to the glow-arc transition in 
stationary discharges. 

The present results relate to hydrogen and nitrogen. In air, a mechanism that is 
not yet quite clear causes the discharge to alter after a relatively short time from 
stage D to an electric arc. This gives the typical stepwise oscillogram. s ' 6 At high 
pressures the time that elapses before voltage breakdown is so short that it is often 
very hard to distinguish the stages. 

Appendix 1. The numerical calculation 

For the general case, where the field strength E and the associated coefficients a, 

v_ and u + are arbitrary functions of position x and time /, the following expressions 

are valid: 



/. (x, o =/_(*. e. ($)) ex P (so-)] p^} 

MM) -/♦«.«♦<©) p£®} 
+ Jo(«',fl + (* , )y-«'.fl + tt , )){^- ) )d€' 



(1.1) 

(1.2) 



The auxiliary functions = 0_(J) and = + (£) (or the inverse functions £ = £_(0) 
and £ ■ £+(0)) describe the path of an electron or ion that reaches the position x 
at the time t : 



^= ? »xttt,0) with felt*"* 



(1.3) 



A further auxiliary function S(£) (gas amplification along the electron track from 
£ to x) is defined by 






(1.4) 



1 86 Development of the Townsend Discharge 

With the help of the reialionships: 

dd t , x 30, 







(1.5) 
(1.6) 



it can be shown that equations ( 1 . 1 ) and ( 1 .2) satisfy the Townsend equations, 
numbers (1) and (2). 

Apart from the factors 30_/3r and 30 + /3r, equations (1.1) and (1.2) correspond 
to the expressions for a static discharge. 14 or those derived earlier for the special 
case of constant drift velocity. 3,4 The additional factors 30_/3r etc. are needed to 
describe the variations in current density brought about by the periodic changes in 
the transit time of the electrons or ions. 
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Introduction to Paper 16 (Braginskii 
'Theory of the development of a spark 
channel') 

if space permitted, it would have been desirable to give, in addition to this paper 
of Braginskifs, the earlier paper by S. 1. Drabkina (/ Exptl. Theoret. Phys. 21, 473, 
(1951)) on the radial expansion of spark channels. This is particularly so since 
Braginskii's paper is in some ways an extension of Drabkina's, the main difference 
in the two treatments of the problem being that Drabkina gives the radius of the 
channel and the velocity of its growth as a function of the energy released in the 
channel, whereas Braginskii considers a particular mechanism for the process and 
gives the channel radius as a function of the current flowing. 

As described in paper 14, various workers have found Braginskii's theory to 
give better agreement with experiment than Drabkina's, which appears to over- 
estimate the radii of the spark channel and associated shock wave by about a factor 
of two. Several objections to her basic assumptions have been made to account for 
the discrepancies. However, a recent paper by Hallgren and Sigmond at the Ninth 
International Conference on Phenomena in Ionized Gases, Bucharest (1969), pointed 
out that there is an error in the constants tabulated by Drabkina for hydrogen. When 
this error was corrected Hallgren and Sigmond found good agreement between 
Drabkina's theory and their experimental results and those of Koppitz. Further, 
there was little difference between the predictions of the corrected Drabkina 
theory and that of Braginskii. The present agreement between experiment and 
theory therefore appears to be very satisfactory. 

Further Reading 

Drabkina, S. l,J. Exptl. Theor. Phys. 21, 473, (1951). 

Hallgren and Sigmond, Ninth International Conference on Phenomena in Ionized 

Gases, (contributed papers) Bucharest (1969). 
Koppitz, J., Naturforsch 22a, 1089, (1967). 
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Theory of the development of a 
spark channel 

S. I. BRAGINSKII* 



1. Introduction 

In the present paper we consider the development of a spark channel under 
comparatively high pressures and moderate currents. This process has been studied 
in detail by Mandel'shtam and his co-workers. 1 " 6 In reference I, on the basis of 
experimental results, the idea was expressed that the rapid development of a spark 
channel is accounted for by the excitation of a shock wave. In subsequent papers 
this phenomenon was studied in detail, both experimentally and theoretically The 
theory of the development process was given by Drabkina; the results of her 
calculations are in good agreement with experiment. However, the theory advanced 
by Drabkina is not complete; the electrical conductivity and the temperature in the 
channel are not computed in this theory, so that it does not permit us to calculate 
the parameters of the spark directly, by starting from the law of current growth 
Rather, it only relates the velocity of its growth with the energy released in the 
channel; this latter energy must be determined experimentally. 

In the present research, an attempt is made to consider a specific mechansim of 
the discharge and to construct a step-by-step theory of the development of the 
channel, with account of the electrical conductivity and the thermal conductivity 
ol the ionized gas in the channel. 

In accord with the results of references 1 to 6, the picture of the development 
of the spark channel can be represented in the following form. A comparatively 
narrow current-carrying channel is formed in the gas, with high temperature and 
.onizat.on. Joule heal is released in this channel, which then leads to an increase in 
the pressure and a thickening of the channel. The thickened channel acts like a 
piston on the remaining gas and, since the expansion takes place with supersonic 
speed, it produces a shock in the gas; this shock is propagated in front of the 
onginal piston'. The temperature in the vicinity of the shock (between the wave 
iront and the 'piston') is much higher than in the gas at rest, and the temperature 

ZTwsTrTv W E&M2 7 - 106S - U958) - ° risinal W* in ' **P* Theor. 
York ' 1S48 - (1958)b >' PC™.s Sl on of The American Institute of Physics, New 
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in the channel itself is still many times higher than in the shock wave. Consequently, 
the density of the gas in the channel is very low, and the major part of the mass of 
the moving gas is displaced from it, which also makes it possible to consider the 
boundary of the channel as a piston. 

The very fact of the formation of the narrow channel can evidently be under- 
stood by starting from the following considerations. After the gas sparks over and 
becomes conducting, Joule heat is released at points of flow. As is well known, the 
electrical conductivity of the gas increases rapidly with temperature. Thus, at a 
high degree of ionization, when the collisions of electrons with ions are important, 
the electrical conductivity is proportional to T 3 ' 2 , while at low ionization this 
dependence is even stronger, (because of the fact that the degree of ionization 
increases rapidly with temperature). As a consequence, a tendency appears toward 
a concentration of current in a comparatively narrow channel, so that at the 
places where the temperature is higher, the conductivity is also great, a large 
current exists there, and a large amount of heat is liberated, which leads to more 
heating, etc. The physical processes which determine the breadth of the channel 
and limit the concentration of current are the leakage of heat from the channel 
and the broadening of the heated region under the action of the pressure. 

With some indefiniteness, we can consider as the channel the region from the 
axis to the point where the temperature becomes so low that ionization begins to 
fall off appreciably. In the channel, we can neglect the inertia of the gas, but it is 
necessary to take into consideration the release and transfer of heat. In the shock- 
wave region, the inertia must be considered, but we can neglect the electrical and 
thermal conductivities. These two regions as separated by a transition layer, the 
•shell' of the channel. Heating and ionization of the gas that enters the channel 
take place in the shell. 



2. Fundamental equations 

The fundamental equations of the problem under consideration are the equation 

of continuity, the equation of motion, and the equation of energy transfer: 



-f- + v -z- + p — r— - 0, 



(2.1a) 
(2.1b) 

(2.1c) 



Here p is the density, v the velocity, p the pressure, e the internal energy per unit 
mass of gas, q the heat flow, /' the current density, and E the electric field. 
We shall write the equation of state in the form. 

p = (n e + n,)T = (Z + \)pTlm a , (2.2) 
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where m a is the average atomic mass, n e and n, the number of electrons and ions 
per unit volume, Z the average ionic charge, and n e = An,. The temperature is 
expressed in energy units. 

We shall assume that the ionization in the channel can be computed by Sach's 
formula. This problem is considered in detail in reference 6. 

The internal energy of the gas in the channel is expressed in the form 




2p m a p[2 T (z + i)7T 



(2.3) 



where / is the total energy of ionization plus the energy of dissociation, referred 
to a single atom. It is appropriate to apply equation (2.3) in the case of complete 
ionization, for example, for hydrogen, Z = 1,/= 15-74 eV. For incomplete 
ionization, the energy of ionization increases with increasing temperature. Accord- 
ing to Sach's formula, the ratio l/T depends rather weakly on the density and 
temperature; therefore, for a not too wide an interval of change of these parameters, 
the expression in the square brackets can be considered to be approximately 
constant. In this case it is more suitable to take the expression for the energy in 
the form 

1 P 
e ~lp' ("a) 

as was done by Drabkina. 2 Here y is the effective ratio of specific heats. The value 
of 7 is somewhat different for the gas in the channel and in the shock wave. 
According to reference 2, y = 1 -25 for hydrogen and 1 -22 for air. 

Transfer coefficients 

The electrical conductivity a and the thermal conductivity k differ strongly for 
the ionized gas (see, for example, reference 7): 



o=o t (Z) T 3 ' 2 = 3a' (Z) 7- 3 / 2 /4e\^X; 

K = K l (Z)T 3 ' 2 . 



(2.4) 
(2.5) 



Here e and m are the charge and mass of the electron, X = In (3T 3/2 /Ze 3 \/4ml), a,ul 
o'(Z) is a dimensionless coefficient. For Z = 1 , 2, 3 and 4 we have, respectively, 
a - 1-95, 1135, 0-840, and 0-667. The value of Ke 2 /oT, according to the 
Wiedemann-Franz law, is of the order of unity. For Z = 1 , 2, 3 and 4 this 
combination is equal to 1 -62, 216, 240 and 2-60 respectively. The 'Couiomb 
logarithm' X is only slightly sensitive to the values of the quantities entering into 
it. For X = 5, for example, we have o,(l) = 3-4 x 10~ 13 s" 1 eV" 3/2 and 
K,(I) = 3-9xl0 20 cm- , s- | eV- s ' 2 . 

We note that the electrical conductivity of air increases with the temperature 
more slowly than 7" 3/2 , because of the increase of Z as a consequence of ionization. 
At a temperature on the order of several electron volts, it changes approximately 
as T 1 ' 2 and is equal to 2 x 10 14 s"' for 7"=»3to4eV. 
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Radiation 

A simple estimate, taking experimental data 3 " s into account, shows that .f the 
radiation from the channel were black-body radiation, it would carry several ten- 
fold more energy than is actually released in the channel. In fact, the radiation is 
nonequilibrium and flows freely from the channel. For open radiation, div. q - Q R , 
where Q R is the energy radiated per unit volume. The fundamental mechanism of 
open radiation is the retardation radiation 



Q^ t = 1-5 x IQ-* ntt^T*!* (erg-cm^s -1 ) 



(2.6) 



(see reference 8) and recombination radiation. For hydrogenlike atoms, the latter 
can be computed from the approximate formula 



Q' = 5 x \0~ 2A n,n e Z*T^ 1 ' 2 (erg-cm" 3 s"'). 



(2.7) 




Equation (2.7) was obtained by V. I. Kogan, using the cross section of recombination 
at the different levels given in reference 9. 

For partially ionized atoms of the different elements, which cannot be con- 
sidered hydrogenlike, one must expect that the radiation of Z charged ions is 
greater than calculated by the 'hydrogenlike' formulas, because of the incomplete 
screening. This circumstance can be taken into consideration if we use the effective 
charge Z eff = Z + A in place of the actual charge of the ion Z. According to 
Unsold, 10 we can take as a sort of mean value (as a rough approximation, with 
great uncertainty) A = 1-5. 

Radiation in the discrete spectrum as a result of resonance absorption is for- 
bidden for many lines and is close to the equilibrium (Planckian) in intensity. The 
presence of such radiation increases the thermal conductivity of the plasma. In the 
present research, however, we shall not consider this radiation thermal conductivity, 
since its calculation is a complicated independent problem which requires a detailed 
knowledge of the spectrum and the line widths. 

Skin effect and the magnetic field 

The penetration depth 6 of the field after a time t can be estimated by the 
formula 6 2 ~ c 2 t\2tta. According to Abramson and Gegechkori, 3,4 a = 2 x 10 
At the instant / = 10" 6 s, the radius of the channel becomes a ~ 1 mm, which 
yields 5 2 /a 2 ~ 10 2 . Thus we can consider the electric field to be constant over the 
cross section and use the expression/ = oE for the current density. 

We now estimate the role of magnetic forces, for which we compare the magnetic 
pressure # 2 /8tt with the gas-kinetic pressure. The latter has the same order of 
magnitude as the kinetic energy per unit volume. If an appreciable amount of the 
liberated Joule heat remains in the form of the kinetic energy of particles in the 
channel, then the pressure can be estimated as 



«*••■•. 



1 J 2 t H 2 6 2 
m 2 tta 2 a 8na 2 ' 



(2.8) 
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It is then evident that we can regard the magnetic forces as inconsequential when 
we can neglect the skin effect. 

The magnetic field begins to have a strong effect on the kinetics of the electrons 
(on the electrical conductivity and especially on the thermal conductivity) when 
the frequency of their rotation in the magnetic field co = eH/mc is comparable with 
the collision frequency 1/r. For typical values of the magnetic field and density i n 
the channel, Mandel'shtam and his co-workers obtained in their experiments 
Hr~04. 

We shall neglect both the magnetic forces and the effect of the magnetic field 
on the kinetics of the electrons. 

Vie shell of the channel. Ionization jump 

Since we are dealing with entirely different simplifications in the channel region 
and the shock-wave region, it is necessary to establish the condition of joining the 
solutions on the boundary between the two regions. Physically, the joining takes 
place in the transition region, in the shell of the channel, where a transition occurs 
from a strongly ionized gas to a weakly ionized one, and where an intense ionization 
process is taking place. We shall not investigate the behaviour of the quantities in 
the transition layer, but shall consider them (approximately) as discontinuities, as 
is usually done for discontinuities in hydrodynamics. We shall assume here that the 
transition region is not very wide. 

We shall denote by a the velocity of motion of the discontinuity, and use the 
index 1 for quantities on the outside and the index 2 for quantities on the inside 
(the channel side). The laws of conservation of mass and momentum take the form 






Pi(v 1 -a)=p 2 (v 2 -a)= g; 
Pi + Pi(»i - a) 2 =p 2 + p 2 (v 2 -a) 2 . 



(2.9a) 
(2.9b) 



The density in the channel is very low,p 2 < Pi ; therefore, the first condition 
yields u, - a. The pressure jump is expressed in the form Ap=Pj-p 2 =g 2 (p 2 [ - 
Pi ). Considering p 2 <p l ,g~p 2 a,p ~p lfl 2 , we find that the pressure jump is 
small: 



&pIp~PiIPi <\. 



(2.10) 



We shall assume that the pressure does not undergo a jump. Then, neglecting the 
heat flow on the side of the cold dense gas, we obtain the condition 

gie2+P/p 2 ) + °2 = 0. (2.11) 

from the conservation of energy. 

3. Quasi-self-similar solution* 

As is well known (see reference 1 1), the motion described by two-dimensional 

parameters is self-similar. In our case, the motion as a whole depends on a large 

* Referred to elsewhere as the 'auto-modelling' solution. 
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number of parameters; however, we can find an approximate solution which is self- 
similar separately in the region of discharge and in the region of the shock wave. 
Curves representing the dependence of different quantities on the radius remain, 
to each of the regions, the same with passage of time, but their scales change in 
each region according to its own law. 

5,1 ^e^otion of the gas outside the channel is completely determined if the time 
dependence of the radius of the channel is given. The boundary of this channel 
plays the role of a piston which displaces the gas. If this dependence has a simple 
power form 

a(t) = At k (3D 

and if the pressure in the wave is so large that the pressure of the undisturbed gas 
can be neglected, then the motion in the region of the shock is determined by the 
two-dimensional parameters A . p and is self-simUar. 

In place of the variables t,r in equation (2.1), we introduce the variables t, 
x = r/a c (t), where a c is the radius of the wave front. We introduce also the new 
dependent variables: 

p'(x) = P/Po- v'(x) = v/a c , 

p\x) = p/ Po a c 2 (3-2) 

Neglecting the heat released and transferred, we can rewrite equation (2. 1) in the 
form 

. v dp' ,dxv 



(3.3) 



2 (.-£)•♦<,■- .£♦*£'-•■ 

The boundary conditions in a strong shock wave for x = 1 have the form 
p' = (7+l)(7-l)" 1 . f'=2(7-l) _1 . 
p' = 2(7-1)-'. 

Equations (3.3) with boundary conditions (3.4) were integrated numerically on an 
electronic computing machine for the values k = 1 , J, f and 7 - |, J, ?• The 
results of the integration are shown in Figure 1. The position of the piston is 
determined by the point where v =x. The pressure at the piston Pk can be obtained 
from the velocity of the piston 

Pk=K pPa a 2 , (3- 5 ) 



(3.4) 
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where the coefficient of resistance K p will be considered as approximately equal 
to 0-9 (see Figure l,K p = p'(s)a 2 /a c 2 ). 
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Figure J. Distribution of the velocity v (dashed lines), pressure 
p and density p' behind the front of the shock wave as a function 
of x = r/a c for various values of*. The curves 1 correspond 
to 7 = 5/3, 2 to y = 115. and 3 to y = 9/7. 



The channel 

Let us consider the case in which we can neglect radiation. Then 

q = -KdT/dr. 

We shall assume that the temperature in the channel is appreciably higher than 
is necessary for complete ionization. Then, on the boundary of the channel, where 
the ionization is beginning to fall off, the temperature will be much less than at 
the centre, and we can set (approximately) T = for r = a. 

We transform from the variables t, r to the variables t, s = r 2 /a 2 (t), and also 
introduce the new dependent variables 



(3. 



D ,\ T l r I r v \ 

***Yj? U -Ma—a)' 

y = 2a[pa*2\a~ all 






(3.7) 



Here T Q is the temperature on the axis. We shall regard the pressure as constant 
over the cross section of the channel. Equations (2.1a), (2.1c), (3.6) take the form 



du 1-0/2A) dy_aji 3/2 L_±\ 
d~s = ~~d ' A" 4* "I 2 4*/ 



dd_ 
ds " 



y + $u 

OS.J5/2 



where 



a = K(T )T lpad, 

P = <*T )E 2 a 2 lK{T )T . 
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(3.8) 

(3.9) 
(3.10) 



The condition (2.1 1) becomes >•(•)/«( 1) = //(Z + 1)7 . It is then evident that 
for self-similarity the temperature ought not to depend on the time. The same applies 
to the quantities o, p. Making use of (3.5), (3.10), wc obtain the result that a ~ t , 
E~t~ 3IA . The electric field is connected with the current by the relation 



J = (o)m 2 E, 



(3.11) 



where the angular brackets denote an averaging over the cross section of the channel. 
Thus, the self-similar mode is obtained only in the case of a definite law of current 
increase: J ~ f 3/4 . Actually, the current changes sinusoidally, but for the first 
quarter period of the sine wave we can use approximately the results obtained 

from the self-similar mode. 

Equations (3.8) have been integrated numerically for * M with the boundary 

conditions 

fors = « = 0, ^ = 0, MX. 

fors=l y/u = l/(Z + \)T , d = 0(d<\). 

In the actual integration, the parameter a was assigned and was so chosen that 
the quantity ,3(1) was as small as possible. The exact value of 0(1) is rather 
unimportant, since the curves hardly depend on it over the major part of the 
interval. The characteristic curves are shown in Figure 2. The values of 




0-5 
t (seconds) 

Figure 2. 

I/(Z * l)Jo- 5-95, 2-0, 1 56, 09 and 025 correspond to « = 16 8, 6j90 5-33 
and 4 and = 1 48, 1 -56, 1 -60, 1 -68 and 1 80. The coefficients K„-<T IV > 
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and K p - < To/T> change in this case from 0-661 to 0-632 and from 1 -49 to 1 -69 
respectively. We shall henceforth take approximately = 1 -6, K a = 0-655. and 
K p - 1 55. Knowing the dependence of a and on the temperature it is possible 
to find all the parameters of the channel. However, it is more suitable to use 
equation (4.4). in which we must replace a by < a > = o, < T 3 ' 2 >. In accord with 
(2.3), it is necessary to replace in equation (4.4 1 ) (7 - I) -1 by § + K I/(Z + \)T 
For the temperatures of interest, the single-term approximation £ w ly/TRTTzTr 
is valid with sufficient accuracy. Using equations (3.10), (3.1 1), (4.4) and the ° 
values of the coefficients that have been obtained, we get the radius of the 
channel, the temperature, and the electric field. For hydrogen, we have: 



a = l-53p - 5 / 28 (yr- 3 /")2/ 7 r 3 / 4 ; 
7~*=3-5p '/i4 (7,-3,4)2/7. 

£=50p 1 /" r 3/4 



(3.12) 
(3.13) 
(3.14) 



For the temperature in the channel, the condition T k = (< T 3 ' 2 >) 2 ' 3 is assumed 
Here we have expressed T k in eV, a in millimetres, E in volts per centimetre J in 
kJoamperes, t in ps, while the density unit is 0-9 x 10"" g/cm 3 . In reference 4 for 
a 1 5-kV discharge, a 2 pH self inductance and a 0-25 pF capacitance the 
measured values for the radius of the channel (for hydrogen at atmospheric pressure 
Po ~ I ) were 1 00, 1 -55 and 2-60 mm for 0-3, 05 and 1 ps, respectively The 
corresponding values computed according to (3.12) are 1 00, 1 -50, and ^-45 The 
agreement is rather good. Experimental data for the quantities in (3.13) and (3 14) 
are unfortunately lacking. The existence of such data would have made it possible 
to verity equation (2.5) for the thermal conductivity of the plasma, since the 
radiation does not play an important role in the given case. 

4. Homogeneous model of a channel with a dense shell 

It the removal of heat from the channel is brought about by transparent radiation, 
while the thermal conductivity can be neglected, then we can demonstrate a simple 
*li-s.milar solution for the region of the channel: the pressure, temperature and 
density are constant over the cross section, while the velocity is proportional to the 
radius. The entire temperature drop is concentrated in the shell. The radiation is 
absorbed there, and the ionization of the gas entering the channel takes place in 
hat region. If we consider the shell to be thin, we can obtain a set of equations for 
the basic parameters of the channel. In the general case, use can be made of these 
equations as a mathematical model describing, however roughly, the basic processes 
w the channel. In this case we can also take the thermal conductivity into con- 
sideration (approximately). 

The equations for the energy balance in the channel and the shell have the form 



dW dm 2 



(4-1) 
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(4.2) 



Where M and W are the mass and energy of the gas in the channel. Equation (4.1) 
is obtained by integration of (2.1c) over the cross section of the channel (including 
the shell) without any assumption of the form of the distribution of the quantities 
over the cross section. For the homogeneous model, we set W - Me,M = m p. 
Equation (4.2) is obtained from (2.1 1). The expressions for the release of Joule 
heat Qj and for the heat loss by radiation Q R and by thermal conduction Q T can 
be written in the form 



Qj=J 2 fra 2 o, Q R =m 2 Q' R (p,T), 
Q T = l-3x2mT. 



(4.3) 



In order of magnitude, Q T ~ K{T/a)2na, while the coefficient in (4.3) is chosen in 
correspondence with the results of the previous section equation (3.10) wherein 
Tk = (< 7-3/2 >)2/3 was assumed for the characteristic temperature in the channel. 
Approximately, it can be obtained from (3.5) for a weak shock, or it can be 
considered equal to the pressure of the undisturbed gas, when the wave becomes 
weak and undergoes a transition to the acoustic type. 

Making use of (3.5) and (2.3), we can rewrite (4.1) in the form 



p 2rrV<i 3 |=./ 2 /a, 

l-i^i+Cr-ir'a-^ijr] 



(4.4) 
(4-4') 



= ^ P [1+ (7-1)" (2 -*-')]. 
Here k =dt/a. Comparing (4.1) and (4.2), we obtain 

Qt + Qr = vQj< 



(4.5) 




where tj is a coefficient of the order of unity. If, for example, we can neglect the 
change in temperature with time, then 

..,[»er-o*(#)T- (45,) 

For a weak shock, when the pressure in the channel can be considered equal to 
the pressure of the undisturbed gas p , we get from (2.3) instead of (4.4) 

p 2it 2 a 3 dyl(y-i) = J 2 lo. (4-6) 

Equation (4.5) retains its form, but the coefficient 77 will be different. For example, 
if we neglect the change in temperature with time, then we have simply 7? = 1 in 
place of (4.5). Equations (4.4), (4.5), together with (4.3) and (3.5), (3.11) allow 
us to find all the parameters of the channel. 



1 98 Theory of the Development of a Spark Channel 

Let us consider the channel in air. The conductivity o{T) for air in the temperatu 
range of interest to us changes comparatively slowly (see section 3) and by ("> 4) 
can be taken to be approximately o = 2 x 1 14 s" 1 . This is supported by the 
experimental data. If, making use of references 3 and 4, we take the electrical 
conductivity into account, then it is shown that within wide limits of change of the 
parameters of the discharge, a does not depart appreciably from this value. 
Assuming K p = 09, y = 1 2 and J * /, we get £ = 45. For these values of a and t 
we get for the channel radius (from equation (4.4)) 




a = 0-93p -, / 6 y | / 3 r'/ 2 . 



(4.7) 



Here a is in millimetres, 7 in kiloamperes, t in microseconds, and we take as the 
density unit the density of the air at atmospheric pressure, 1-29 x 10" 3 g/cm 3 . 
The experimental values of the radius 4 for a discharge voltage of 15 kV and 
capacitance C= 015 pF, at 0-3, 0-5 and 1 ps, are the following: for a coil induct- 
ance of £ - 2 pH (which corresponds to/'= VjL = 7-5 x 10 9 A/s): 065, 0-95 and 
1 55 mm, respectively ; for I = 1 2 (J = 1 -25 x 10 9 ), 0-33, 0-50 and 0-80 mm 
respectively; for I = 64 (/= 2-4 x 10 8 ), 0- 1 8, 025 and 0-40 respectively. The 
corresponding values computed from (4-7) are 0-67, 1 and l-6"> (for / = 2V 
0-35, 0-57 and 0-99 (fori = 12), 0-21, 0-32, and 0-58 (fori = 64). The agreement 
is excellent. A certain saturation at larger self inductances and values of the time 
is explained by the fact that (4-4) does not take the initial pressure into account. 
Ii tiiis were done in (4.1), for example, by means of the interpolation 
P - K p p a +p Q , then the agreement with experiment would be improved. 

The spark discharge in air has also been investigated experimentally by 
Norinder and Karsten. 12 The values of the radius computed by (4.7) agree 
satisfactorily with their experimental data. 

The temperature in the channel can be calculated by (4.5) and (4.3). However, 
this computation is difficult in practice because of the absence of reliable data on 
the radiation of air. We shall only put down some estimates. The coefficient r, is 
of the order of unity. For the same discharge which was considered previously 3 
at t- I ps, the Joule heat (fori = 2. 12 and 64 pH) is Q, = l-7x I0 13 , 3x I0 12 
4-2x10 erg/cm s, respectively. For I = 64, using (4.5), we obtain T = 3-7 eV ' 
while all the heat is transferred by the electronic conductivity; we can neglect ' 
radiation (Q R « 1 erg/cm s). For I = 1 2, the thermal conductivity and radiation 
Have the same order of magnitude, but fori = 2, the heat is primarily conveyed by 
radiauon. In the second case, the radiation is much greater than in the first, because 
ot the high density ol the plasma, but also because of the large value of the cross 
section of die channel. Taking T= 4 eV, we get, making use of (2.2) and (3.5), 
«/ = 3-3 x 10 , in the first case and n, = 9 x I0 17 in the second. These quantities 
greatly exceed the experimental value of I0 17 obtained by Dolgov and Mandershtam. 5 
According to their experimental data, T * 4 eV and 2 * 2. Substituting these values 
'n (2.5) and (4.3) we get Q T = 0-6 x I0 12 erg/cm s. We estimate the radiation 
crudely by using (2.7) with an effective charge equal to Z + 1 -5 = 3-5 This gives 
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Q R = 1 -6 x 10 12 for I = 1 2 and Q R = 4-4 x 10 13 for 1=2. These results correspond 
in order of magnitude to the experimental values of Qj, however, the accuracy of 
the estimates is not very great because of the very approximate method employed 
in considering the radiation of air. Therefore, the role of other possible mechanisms 
of heat transfer, for example, radiant thermal conductivity, is not completely clear. 
In conclusion, let us consider the limits of applicability of the theory developed 

above. 

The lower limit is determined by the fact that for appreciable ionization, the 
temperature in the channel ought to be larger than (approximately) 1 eV. For this, 
the current ought to be not too small and should increase after a rather short time. 
The corresponding estimate can be obtained from (3.13) for hydrogen and from 
(4.3) and (4.4) for air. Neglecting the weak dependence on the density, and 
disregarding radiation, we obtain a condition for both cases, which is very rough: 

/>10" 2 r 3 / 4 . (4.8) 

The upper limit is determined by the requirement of smallness of the magnetic 
pressure H 2 IZv = J 2 /2ira 2 c 2 in comparison with the gas-dynamic pressure. Using 
(3.5) and (4.4), we get 

H 2 l&«p = (J/J ) 2 ' 3 , J = (l^K^ltfl 2 ) (c 3 p ,/2 /o), (4-9) 

where J is the current at which the magnetic forces begin to be appreciable. For 
hydrogen, setting a = a, T 3 ' 2 , S = (53/r> 1/2 , and using (2.4), we get 

/ O (^2) = 50p 2/S r ,/S . ( 410a ) 

For ail, substituting a fixed value of the conductivity a = 2 x 10 14 , and £ = 4-5, we 
get 

7 (air) = 250p " 2 . (4-lOb) 

The current is expressed in kiloamperes, the time in microseconds, and the density 
in units of 0-9 x 10" 4 for hydrogen and 1 -29 x 10" 3 for air, both in grams per 
cubic centimetre. 

Both criteria are well satisfied for typical cases of lightning in the atmosphere. 
For example, let the current of the lightning be 30 kA and the time of current 
flow 200 p s, then we get 0-55 < 30 < 250. The form of the lightning current is 
not linear, so that the coefficient in (4.7) must be changed, but if (4.7) is used for 
a rough estimate, then we get, in the case considered, for the radius of the lightning 
channel a w 4 cm. 

In conclusion, I express my deep gratitude to M. A. Leontovich, V. I. Kogan. 
D. A. Frank-Kamenetskii and S. L. Mandel'shtam for useful discussions, and to 
Z. D. Dobrokhotov and G. A. Mikhailov for help in setting up the program for 
machine computation and for carrying out the computations. 
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Introduction to Paper 17 (Penning, 
'Anomalous variations of the sparking 
potential as a function of p d') 



In 1889 F. Paschen published the results of an experimental study of electrical 
breakdown in uniform fields which showed that the breakdown potential, V s , at 
which a spark occurred was a function of the product (pd), p being the gas pressure 
and d the distance between the anode and cathode of the discharge gap. The 
relationship 

V s = function of (pd) 

lias become known as 'Paschen 's Law'. The graph of V s against pd is, of course, 
different for different gases and such curves are known as 'Paschen curves'. 

Most of the measurements of breakdown potentials have been concerned with 
high values of (pd) where V s increases with increasing pd However, the behaviour 
of gases at low values of pd, where V s increases with decreasing pd, is of consider- 
able interest, particularly technologically since the increase of V s at values oipd 
below the so-called 'Paschen minimum, (pd) min \ is often considerable for slight 
changes in pd. As has been pointed out by S. Haydon (Discharge and Plasma 
Physics, University of New England, 1964) and others, when the parameter E/p 
increases to large values at low p the drift velocity of the electrons in a discharge 
becomes much greater than their random velocities and the energy gained between 
collisions greatly exceeds the mean energy loss at a collision. The velocity 
distribution of the electrons becomes a function of their spatial position in the 
discharge gap. The usual assumptions underlying the Townsend theory of 
electrical breakdown obviously need to be modified. The problem has been 
examined theoretically by H. Neu and K. G. Miillerand others and more recently 
by P. C. Johnson and A. B. Parker (references given below). 

The paper by F. M. Penning, from which an extract is given here, was one of the 
first to show that the breakdown process in uniform fields below the Paschen 
minimum sometimes shows interesting features which are not observed at higher 
values oipd. The marked inflection in the Paschen curve for helium observed by 
Penning has been followed by studies such as those reported by L G. Guseva, 
H. C. Miller, and Parker and Johnson, for the inert gases and mercury vapour. The 
latter authors have been able to show that their computerised Monte Carlo 
calculations, based on spatially-dependent ionisation coefficients and on the 
reflection of electrons from the anode, are capable of explaining their experimental 
data for mercury vapour. 
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Extract from Anomalous variations of the 
sparking potential as a function of p d. 

F. M. PENNING* 



I. introduction 

According to Paschen's law the sparking potential V, of a gas between parallel 
plates at a short distance is a function of p d (gas-pressure at 0°C x electrode 
distance). The general shape of the curves V s =f(p d) is shown in Figure 1; at high 
pressure the sparking potential is high because the electrons lose much energy 
before they reach their ionizing velocity, at low pressure the sparking potential is 
lugh because there are few ionizing collisions; at an intermediate value of p d 
(Pofl)min. y$ has a minimum value. Recently we have found deviations from the 
type of curve shown in Figure 1: in mixtures of neon with a small amount of argon 
we tound two minima instead of a single one; for helium at values of 
Pod < (Pod) min the curve has the peculiar form shown in Figure 5. 
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2. The double minimum in the curves for neon with a small amount of argon 
These measurements were performed with two types of apparatus A and B. The 
tube A with two iron plates of 8 cm diameter at 2 cm distance is shown in Figure 2; 




r 30cm 
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Figure 2. (Tube A). 




P<fi- 



Figure I. 



it was intended in the first place for measurements with pure neon which will be 
described elsewhere.* The tube was filled with about 250 mm neon, the last small 
traces of impurities being removed by an arc discharge of 0-5 A with Ca-cathode in 
the side tube D. The desired neon-argon mixture was realized by opening one of the 
side tubes F which had been filled with argon beforehand. Then one of the side 
tubes E was sealed to the vacuum system over a liquid air trap, a manometer and a 
tap, the first being nearest to the tube. After shattering of the glassbulb in E the 
measurements could be taken. 

Figure 3 shows the results of two series of measurements, one forAfef one for 
Ne + 000 18% A. The curve for Ne has the normal shape, the other, however, shows 
two minima, which can be explained in the following way. 

At large values of p d the sparking potential of neon is decreased very much by 
a small admixture of argon, because the metastable neon atoms ionize the argon 
atoms.' At low values of p d this effect will only have a small influence; the 
probability for the formation of metastable atoms is not large and those which 
are formed have a short life time, because of their returning into the normal state 
at the electrodes. Therefore in this region of p d the value of V s for Ne + 000 18% A 
is about the same as that for Ne and increases in about the same way with increasing 



nq^n C h P J 0dUCCd {tom f r ° ce <xlt"gi' of the Royal Academy of Sciences, Amsterdam 34, \30S 
'1931) by permission of The Royal Netherlands Academy of Sciences and Letters, Am^erdam. 




• Physica. To this article we refer also for further particulars as to the construction and 
operation of the tube. 

t The neon contained about 1% helium, but the influence of this admixture on the sparking 
potential is small. 
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values of p d. At still larger values of p d the effect of the metastable atoms 
becomes appreciable and V s decreases until a second minimum is reached This 
interpretation is confirmed by other experiments with the second tube B having 
also iron electrodes of 8 cm diameter but at a distance of 12 cm, mounted in a 
glass tube of 10 cm diameter. Comparison of Figures 3 and 4 shows that even with 
pure neon the values of V s for the same value of p d are not the same in both 
cases which is in apparent contradiction to the law of Paschen. However this law 
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Figure 3. (Tube A , d = 2 cm). 
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Figure 4. (Tube B, d = 1 cm). 
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holds only for distances of the electrodes which are small compared with their 
diameter, otherwise the side diffusion of electrons and ions is not negligible. In 
the tube B this condition is certainly not fulfilled, therefore the sparking potential 
is higher. Now the side diffusion of the metastable atoms is still larger than that of 
the charged particles which are directed by the electric field, and consequently at 
the same value of p d the fraction of metastable atoms which is destroyed at the 
walls is much larger in tube B than in tube A. This explains why for Nc + 0-002% A 
the maximum in tube B occurs at a value of p Q d which is about three times as 
large as that in tube A. In addition the double minimum is still more pronounced 
in Figure 4 than in Figure 3. 

3. The sparking potential of helium for values of p d < (Po'Omin 
The tube of Figure 2 is not suited for measurements in this region because here the 
sparking may occur between the back sides of the electrodes. Therefore the measure- 
ments were made between the plane ends of two cylinders fitting exactly in a glass 
tube. Both cylinders could be moved, p Q d being varied in this case by changing d. 
Now for a gas pressure of 07 mm He the sparking potential curve for p d < (p o <0min 
has the peculiar form shown in Figure 5; this curve has a minimum with respect to d* 
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Figure 5. 

In a certain range of electrode distances the sparking potential has three different 
values, two for increasing and one for decreasing potential difference. This effect is 
still more pronounced in another apparatus described in section 4.t For 
2-2 cm < d < 2-8 cm the current suddenly dropped to zero after reaching a certain 
value, the potential at the same time rising to a high value inside the region BCD 
{Figure 5), the sparking potential on CD and on BC could then be determined by 
increasing resp. decreasing the potential difference of the potentiometer. For 
d > 2-8 the discharge did not stop when the current was increased; to measure in 

* The measurements aredescribed more fully in Physica, 1 2, 65, (1932). 

t The descriptions of the apparatus and measurements referred to have not been included 
here. The electric field in the second apparatus was noi homogeneous, but the characteristics 
were similar to those described here. 
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this region the electrode distance was at first adjusted to a small value where a high 
potential difference could be applied; then, with this potential difference remaining 
between the electrodes, the distance was increased up to the desired value. 

This form of the curve for the sparking potential may be explained in the 
following way. 

When an electron leaves the cathode it will ionize atoms on its way to the anode 
the new electrons will in turn produce other ions and electrons and so on. If A' is 
the total number of ions produced in this way by one electron leaving the cathode 
then according to Hoist and Oosterhuis 2 sparking will occur when A'-y =1,7 being 
the number of electrons liberated from the cathode per positive ion. When, for 
p d < (Po^)min. d is decreased, the number of atoms between the electrodes 
decreases and also the number of ionizations W. So, in order to fulfil the condition 
W7 = 1 , N should be increased which can be done by increasing the potential 
difference. However, the probability of ionization by an electron does not increase 
continually with increasing electron velocity, but passes through a maximum. 
According to Compton and van Voorhis 3 this maximum is reached for helium at 
an electron velocity of about 200 volts. When, however, the potential difference 
between the electrodes becomes so large that the number of ionizations N is at its 
maximum, a decrease of pod cannot be compensated by increasing the potential 
difference: for lower values of Pod no sparking is possible, the sparking potential 
curve bends to the right (point B in Figure 5). For larger values of d two sparking 
potentials occur, because a certain value of A' can be realized as well to the right as 
the left of the maximum in the curve for the ionizing probability of the electrons. 

In reality the circumstances are more complicated than was supposed in the 
simplified discussion given above: first 7 is not a constant but increases with 
increasing ion velocity, secondly at sufficiently high velocity the ionization of 
atoms by collisions with positive ions is no longer to be neglected. These effects 
cause again sparking when the potential difference is sufficiently increased (part 
CD of the curve). The question as to whether the curve for V s should show a 
minimum with respect to p d or not, depends on the way in which the electron 
building power of the positive ions increases as the ionization by the electrons 
diminishes. Experimentally too little is known about these elementary processes 
to make any predictions. With the first described tube this minimum was up to the 
present found only in helium although several other gases were examined.* 
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• Editor's note: In the remainder of the paper, Penning discusses the observed data in 
terms of the stability of the discharge. 



Introduction to Papers 18 and 19 (Loeb, 
Extract from 'Electrical Coronas'; 
Loeb, 'Characteristics of the spark 
transition in asymmetrical field gaps for 
negative ion and free electron gases') 



The electrical breakdown phenomena considered in papers 1 to 17 have largely 
been concerned with ionisation processes in uniform electric fields or in non- 
uniform fields produced through the action of the discharge itself. A highly 
interesting and complex group of discharges are those referred to as 'Corona' 
discharges, which may broadly be defined as discharges taking place between 
electrodes whose geometry produces a non-uniform field (referred to by Professor 
Loeb as 'asymmetrical field gaps'). The term 'corona discharge' is restricted to such 
discharges for which the discharge current is relatively low, i.e. it does not include 
the discharges obtained when complete breakdown of the discharge gap has 
occurred. The name 'corona' as pointed out by Professor Loeb in his book 
Electrical Coronas is derived from the French 'couronne' (a crown) which is a 
good description of the visual appearance of one of the many characteristic 
forms of the discharge . 

Much of the work on corona discharges has been carried out by Professor Loeb 
and his colleagues and a full description of their work is given in Electrical Coronas. 
A shorter account of some of the main features of the work is given in the paper 
included here. As in the case of paper 13, it seems preferable to include a paper, 
such as this, which describes the main features of corona discharges instead of 
attempting the almost impossible task of selecting one or two papers from the great 
number published. Further, the paper is preceded by a short description of the 
visual appearance of the more common forms of corona although it is difficult to 
give in words a satisfactory picture of the observed phenomena. 

Rigorous theoretical analysis of the various forms of corona discharges and of 
the transition from a corona discharge to complete breakdown is, of course, 
exceedingly difficult. Tire non-uniformity of the electric fields and their distortion 
through the accumulation of space charges complicate the analysis. Professor Nasser 
in his recent book Fundamentals of Gaseous Ionization and Plasma Electronics 
outlines the basic models which have been used to interpret both anode and 
cathode coronas under either static or impulse electric field, and chapter 1 1 of his 
book should be consulted. 



2 1 Introduction (Papers 18 and 1 9) 

One of the best known features of coronas at the cathode of a non-uniform 
gap subject to a static applied electric field is the occurrence of Trichel pulses 
(Trichel, G. W.,Phys. Rev., 54, 1078, (1938)). Even in this case detailed quantitative 
analysis has been restricted by the lack of reliable experimental data for the very 
early stages of the pulses in which the development of the discharge is rapid. It is 
interesting to note, however, that C. Bugge and R. S. Sigmond claimed at the 
Ninth International Conference on Phenomena in Ionized Gases (Bucharest. 1969) 
that they had observed the early development of Trichel pulses to be due to a 
Townsend discharge. 

A brief mention should be made of the wide range of applications of corona 
discharges. Among those listed by Loeb and Nasser are: the separation of dry ores, 
the discharging of static from aircraft and from surfaces used in the handling of 
plastics, wool and paper, and the electrical precipitation of dust. Undesirable coronas 
from high voltage cables and terminals are often troublesome, leading to power 
losses and radio and T.V. interference. 

Further Reading 

Lx>cb, L B., Electrical Coronas, University of California Press, 1965. 

Nasser, E., Fundamentals of Gaseous Ionization and Plasma Electronics, Chapter 1 1 

Wiley, 1971. 
Aleksandrov, G. N., Soviet Phys. Tech. Phys. 1 , 2547, ( 1 956) and 8, 1 6 1 , (1 963) 
Boullard, A., Rev. Gen. Elect. 64, 28, (1955). 
Miyoshi, Y., / Inst. Elect. Eng. Japan 78, 14 1 , (1 958) and Chapter 4 of Progress 

in Dielectrics, Vol. 9, 1967. 
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18 

Extract from Electrical coronas 

L. B. LOEB* 



5. Visual appearances of coronas 

A few general comments might be made about the visual appearances With hiehl 
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point of small to moderate radius, there will at onset be one spot. This discharge is 
an intermittent localized glow discharge of some 0-02 cm diameter near the 
cathode surface and extends into the gap perhaps a millimetre or two. Decreasing 
pressures reveal it to be complex, having a Crookes dark space, a constricted 
negative glow, a Faraday dark space, and a flaring positive column. This gives it a 
shaving brush-like appearance. The shape is dictated by the relative potential 
gradients along the discharge axis and in the space outside the discharge. In free 
electron gases at threshold, the discharges may appear first as a faint glow extending 
into the gap which contracts to a spot and then reverts to the initial form, oscillating 
between the two forms. As potentials and current increase these glows settle down 
at points to yield the same general configuration as for air but are more diffuse and 
extend farther into the gap. In some gases the spots will be cusped with the base on 
the electrode. As potentials increase, the spot at first increases in intensity, but 
presently a second spot appears, then a third. On a wire the spots multiply along the 
wire. In some cases they are in ceaseless motion, in others they are quiescent at one 
point. Both positive and negative glow patches or spots appear to, and actually do, 
repel each other. On larger smooth surfaces, the quiescent spots, owing to mutual 
repulsion and field gradients, form regular patterns. Reduction in pressure, as 
indicated, extends the discharges in three dimensions, roughly inversely proportional 
to pressure. Near breakdown in air and possibly in other gases, though not readily 
observed, the negative glow increases in extent, and at lower pressures the Crookes 
dark space and a faint general glow extending to the negative electrode are all that 
is seen near the point where pulses cease. Near breakdown, a very sharp luminous 
spike will usually appear along the axis of the spot in the fan, and with increase in 
potential it will extend backward toward the negative glow. At a point where this 
spike approaches the cathode, the spark occurs. In air in the region just referred to, 
the intermittent pulses characteristic of the threshold and above have ceased. When 
a spark -suppressing gas like freon is mixed with air, the discharge takes on a 
fantastic number of curious and elaborate forms which are not understood. 

The spectral behaviour of breakdowns in air is of some significance because it 
reveals important discharge characteristics. Possibly similar inferences could be 
drawn from single lines or bands in other gases. Low electrical fields yield 
ionization and excitation that favour the arc spectrum of N 2 and nitric oxide which 
yields a reddish purple glow. This is characteristic of the fan in the negative point 
discharge and the outer areas of the paintbrush in the positive streamer region. 
High electrical fields produce highly excited N 2 molecules, the spectra of which 
are represented largely by the second positive group bands, with just a few second 
negative bands shown. These he largely in the green to violet end of the spectrum 
and yield an intense electrical blue light. They have recently been photographed 
on colour film in air. This colour will be noted in the closely adhering glow of the 
steady positive corona, in the filamentary breakdown streamer channels, and in the 
axis of the streamers as well as in spark channels, the streamer tips have very high 
fields. The negative glow of the Trichel pulse corona in air is also quite white or 
bluish, as fields here are indeed high. Thus, the colour in discharge manifestations 
in air is a guide to field conditions. In other gases, the colours follow spectral 
distribution but do not clearly designate high and low field regions except possibly 
as they affect single lines or bands. In some gases, notably in 2 and CO, spectra 
are of such low intensity in the visible as to delay the appearance of luminosity 
until thresholds have been exceeded by a considerable margin. 
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Characteristics of the spark transition 
in asymmetrical field gaps for negative 
ion and free electron gases 

L. B. LOEB* 

As a result ofimprovements in techniques, the last several years have witnessed a 
fairly complete resolution of the transition from no current, or low order con- 
duction current, to a transient arc in both uniform field and in asymmetrical field 
geometry. In most cases this transition to a filamentary highly luminous arc channel 
is commonly called the electric spark. It has been studied in air and various other 
gases from atmospheric pressure down to about 50 torr. The many years of study 
of this problem have only recently been crowned by success because of the incredibly 
short time intervals and the faint luminosities of the complicated intervening steps 
It required oscillographs of time resolution in the nanosecond range, reliable photo- 
multiphers and image converter cameras, as well as intense short duration light 
sources for its achievement. 

While the uniform field studies liave been successfully carried out in the 
institute of Professor H. Raether 1 in Hamburg by a large succession of brilliant 
students, the more general sequences in the breakdown in asymmetrical gaps have 
been largely delineated by the workers in the writer's laboratory, of which the 
latest phases have just been completed. 

In uniform fields at threshold for breakdown in most gases and for some gases 
well above it, the breakdown initiates as a Townsend type glow discharge. 2 This 
eventually builds up a space-charge field such that avalanches can attain a critical 
positive ionic space charge of the order of 10 8 ions and streamers advance towards 
anode and cathode respectively at higher than avalanche speeds. 3 These propagate 
by augmenting the applied uniform field locally by space-charge distortion and by 
means of photoelectric ionization of the gas in advance of the space charge. Some 
gases such as 2 are readily ionized by their own photons. Air is particularly 
susceptible to this action since N, and 2 photons ionize 2 . 4 Most other gases 
unless exceptionally pure, also undergo such action in varying degrees. Cata- 
phoretically purified argon does not appear to be susceptible to photoionization. 5 

author lePr0dUCCd rr ° m ReV " e Roumai " e de Pl, y si 1» e «3. 163, (1968) by permission of ihc 



/.. B. Loeb 



215 



Once the streamer tips reach the electrodes, the sudden high potential gradients 
resulting lead to very rapidly propagating waves of potential gradient that sweep 
up and down the channels increasing their conductivity to the point where 
thermalization by ion impact can begin. 6 These waves in longer gaps may undergo 
successive reflections at the electrodes before the channels are sufficiently con- 
ducting. 7 

If in moist air an impulse potential 4% above the Townsend threshold, and in 
dry air at 6%, is applied, the spark proceeds directly without antecedent glow 
discharge. 8 In other gases the percent of overvoltage needed for the direct streamer 
spark without Townsend discharge differs and may reach 50% in argon designated 
spectroscopically pure. At these potentials the critical streamer forming an avalanche 
head of 10 8 electrons and ions is achieved at the anode, and a single anode streamer 
crosses the gap followed by return space wave strokes. If higher overvoltages are 
suddenly applied, breakdown starts with the critical streamers originating in mid- 
gap with both positive and negative streamers moving towards cathode and anode. 
This mechanism has been confirmed by Wagner 3 with image converter photographs. 
The speeds of positive and negative streamers are initially about equal and of the 
order of three times the avalanche speed. The speeds vary as the streamers approach 
the electrodes. At the time of streamer initiation the light from excited states 
causes liberation of new photoelectric avalanches from the cathode. When these 
encounter the positive streamer tip in its advance, the streamer is greatly increased 
in speed and luminosity. This new aspect will be again encountered in what follows. 

One may now turn to the asymmetrical gaps. Only two common modifications 
need be discussed. One is the hemispherically capped cylindrical point-to-plane 
gap; the other is the coaxial cylindrical condenser. While the point-to-plane has the 
advantage of greater isolation of events at its highly stressed electrode, with less 
influence from the opposite electrode, the coaxial cylinder has the advantage of 
giving us an insight into the magnitude and role of space-charge effect since these 
are measurable and calculable. Basically, however, the general behaviour of the 
two types of gaps are the same. One must now distinguish essentially four situations. 
The first two consist of positive and negative highly stressed electrodes in gases 
which permit negative ions to form and in which negative-ion space charges play a 
role in controlling current. The second two situations employ the same electrode 
configurations, however in gases in which the electrons remain essentially free. 
These yield no negative-ion space charge in the lower or higher field regions. Air 
and oxygen containing or liberating gases result in negative-ion formation, as do 
halogen containing and certain other gases and many 2 contaminated gases. How- 
ever, in air, if pressures are sufficiently low or if temperatures exceed some 900°C, 9 
electrons remain free, as is the case in pure H 2 , N 2 , the inert gases, and Hg. 

The breakdown sequence in air and negative-ion forming gases has been pretty 
thoroughly investigated and the mechanism studied down to 50 torr. In consequence 
of the effect of positive- and negative-ion space charges, there is usually a great 
potential range between corona threshold and the ultimate spark transition. 10 In 
both instances the negative ions are largely responsible for this action, even with a 
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highly stressed anode. One may consider positive and negatively stressed electrodes 
in asymmetrical field gaps in these gases and then turn to their counterparts where 
electrons do not attach to yield negative ions. 

1 . Electron attaching gases 

A. Positive highly stressed electrode 

At threshold with steady potential depending somewhat on ratio of point 
diameter to gap length, positive streamers initiate at the surface and advance a 
short distance into the gap. 10 The field at some distance from the anode is 
adequate to create streamer-forming avalanches near the anode surface. These 
propagate only a short distance axially into the gas. When they cease to advance 
the positive-ion space charge they leave behind inhibits further streamers until it 
dissipates. Thus a succession of streamers follow as new triggering negative electron 
avalanches arrive at the anode and when the field has recovered sufficiently to 
permit streamers to form them. In consequence of this action, especially with more 
extensive electrodes, it is also possible for the photoionization to cause a spread of 
the discharge over the anode surface during the period when the positive space 
charge prohibits the streamer propagating axially from the surface. 10 These 
sequences of lateral discharges are called bunt pulses. As ratios of gap length to 
anode radius and pressures vary, intermittent streamers or burst pulses dominate 
at threshold. 10 With potential increase above threshold, the streamers grow more 
frequent and burst pulses are temporarily prolonged. Space-charge inhibition 
increases as well. At some point the creation of negative ions by streamers and 
burst pulses is such that a negative-ion sheath forms near the anode surface, that is, 
between it and the positive space charge out in the gap. This zone extends outward 
a short distance from the anode surface where fields are inadequate to detach the 
electrons from the 2 ~ created. This negative-ion sheath is known as the 
Hermstein sheath and yields the quiescent steady Hermstein 10 glow corona. The 
sheath produces a very high anode field but one that is too short to permit 
streamers to develop. Thus until the applied potential reaches more than 100 to 
200% of the threshold value (depending on point radius to gap length ratio), 
streamers that can cross the gap and form a spark do not materialize. Eventually, 
the fields are so high as to permit streamers to form. These cross the gap and yield 
a spark. 10 If an impulse potential is supplied with a rise time on the order of 10" 7 s 
or less, so that positive space charges and negative-ion accumulation in the gap do 
not form, the short streamers at threshold lengthen in proportion to the applied 
potential. That is, once the critical space charge leading to a self-propagating 
streamer tip forms (zero field streamer of Dawson and Winn) 11 it augments in 
strength as it falls through more and more of the decreasing field outward from 
the point. Thus in air it increases from a minimum 10 8 excess positive ions in a 
sphere of 3 x 10" 3 cm radius to perhaps in excess of several times 10 9 ions in a 
sphere of perhaps 10~ 2 cm radius. 12 Such primary streamers can cross a gap of 
several centimetres branching heavily as they progress. 13 They leave behind a dark 
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and relatively poorly conducting channel except near the anode. Primary branched^ 
streamers move with speeds ranging from 2 x 10 8 cm/s to I0 7 cm/s across the gap. 
When the highly charged streamer tip reaches the cathode combining its high field 
at atmospheric pressure with its strong ultraviolet radiation, it sends a return 
stroke, or space wave of potential gradient, at about 5 x I0 8 cm/s back to the 
anode. 14 This ionizes and renders the channel more conducting. The wave inter- 
acting with the highly conducting channel region near the anode which results from 
convergence of electron currents from the branches in the high field region, enables 
this conducting channel, called a secondary streamer, to advance towards the 
cathode. 1S In longer gaps the secondary streamers may reflect the wave of 
potential gradient and send it back to the cathode. Having arrived at the cathode a 
new return stroke space wave then again moves to the secondary streamer tip and 
advances the secondary streamer. In very long gaps Kritzinger 7 ' 14 has noted at least 
five such potential gradient waves before the secondary streamer reaches the 
cathode essentially completing the arc channel. The general speed of advance of 
the secondary streamers lies in the 10 6 cm/s range. 14, 1S They are highly luminous 
and it is these that are usually photographed. 

Recently Professor Oshige in the writer's laboratory has extended measurements 
for positive points from 200 torr down to 4 torr. 16 Here impulse potentials of some- 
what longer duration could be used since negative-ion formation is not as rapid and 
the Hermstein sheath does not as readily develop. As pressures decrease the 
streamers still propagate from the anode. They become more diffuse and branching 
decreases materially at the lowest pressures. Speeds of propagation of the primary 
tips again lie generally in the 10 7 cm/s range. As pressures decrease the range of 
streamers rapidly increases so that gaps up to 19 cm are used at lower pressures in 
place of 4 cm at 760 torr. Near threshold primary streamer tip speeds are high near 
the anode. They decrease rapidly as the streamers advance towards tire weaker 
fields at midgap. However at the lower pressures very active photons reach the 
cathode as the primary tip forms and advances. Electron avalanches from photo- 
electrons released advance towards the anode. Their flashes can be observed near 
the cathode by photomultiplier even before the streamer tip crosses. When these 
electron avalanches reach the retarded primary streamer tip in midgap, they enhance 
its speed and intensity so that the retarded tip can cross the gap near threshold. 
At somewhat higher potentials the speed remains fairly constant until it nears the 
cathode. Here the distortion of the field near the cathode by the streamer tip 
field again increases its speed. Once the primary tip crosses the gap its sends 
space waves of potential gradient sweeping up the main branches. Where the larger 
branch trunks converge near the anode but still in mid-gap, local regions of very 
high conductivity are produced. The resulting potential gradients directed towards 
anode and cathode accordingly initiate highly conducting secondary streamers from 
midgap that have lips advancing to both the anode and cathode at speeds of around 
10 6 cm/s. The light emitted as these regions of high conductivity area created again 
gives rise to a heavy electron avalanche from the cathode. This avalanche can be 
followed by the photomultiplier in its advance towards the anode for some distance. 
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Once its tip appears to meet the downward moving positive tip of the secondary 
streamer the arc channel is complete and the arc develops. 

B. Highly stressed negative point 
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fold. They thus lead to positive streamers from the anode. These streamers increase 
in number with the growth and duration of the corona yielding the ion space 
charge. Thus as potentials approach spark-over with the negative point the negative 
streamers with their field distortion, the negative-ion space charge and the whiskers 
lead to positive streamers from the anode that advance towards the cathode. When 
the main branch tips of negative and positive streamers meet in midgap, space 
waves of potential gradient sweep to anode and cathode completing the arc channel. 
Tius action has been beautifully verified by Kritzinger 7 in photographs of 
interrupted long gap sparks and by photomultiplier studies. This sort of action was 
also earlier established in long spark photographs of secondary leader processes by 
Allibone and Meek. 21 The junction point of negative and positive streamers 
depends on the gap length and ratio of point radius to gap length at any pressure. 



2. Free electron gases 

A. Highly stressed positive electrode 

In this case while negative-ion space charges play no role, the positive ions still 
exert inhibitory action as they accumulate. Thus one would expect that the long 
potential range between threshold and spark transition caused by the I lermstein 
sheath should be markedly reduced. As soon as streamers become vigorous enough 
to overcome space-charge effects of positive ions on application of steady potential 
they should cross and eventually yield a spark. With impulse potentials the 
breakdown spark transition should be still nearer corona breakdown. 

Unfortunately relatively little work has been done on this aspect. The results 
obtained have been somewhat contradictory. This arises from the fact that aside 
from the arrival at a critical avalanche size the free electron gases must be capable 
of sufficiently active photoionization by their own photons to permit a streamer to 
build up. It is convenient in this respect to consider argon. Weissler 22 with so-called 
spectroscopically pure argon observed no antecedent corona with steady potential. 
Once the breakdown potential was reached there was a spark. Das 22 used argon 
under less rigorous purity conditions. He obtained results akin to those of Weissler 
when small amounts of contamination were present. That is, a streamer corona 
preceded spark breakdown which followed at about a kilovolt or more later. In 
argon purified by gas cataphoresis to remove traces of N 2 and Kr, argon did not 
yield a normal streamer breakdown. 5 The spark occurred as a rather hazy and some- 
what broadened channel and the luminosity built up on a time scale of micro- 
seconds. It is probable that the streamer-like positive space charge that accumulated 
at the anode point was enabled to advance by the arrival of photoelectrons and the 
avalanches created by them from the cathode and that were liberated by the 
bright light of the local breakdown at the anode. All these electron avalanches need 
not have been liberated from the cathode but could well have come from less 
absorbed longer-range photoelectrons from the volume of the gas. Both H 2 and N 2 
that were quite pure showed no burst pulses. 23 They gave localized coronas at the 
anode point at around 4000 volts for a 0-5 mm diameter point and a 3 cm gap. 
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These might have been incipient streamers in N 2 . In H 2 there was just a glow at 
the anode. Breakdown streamers appeared at around 10 000 volts and the sparks 
ensued at around 1 8 000 volts. N 2 is known not to be readily ionized by its lower 
energy photons and the same applies to H 2 . It takes much higher fields and electron 
energies to photoionize these gases and to produce space charge fields creating self- 
propagating photons. 2 and especially N 2 -0 2 mixtures are unique in their efficient 
photoionization. How far positive space charges play an inhibiting role on streamer 
advance in free electron gases is not known. In these studies, unlike the case for 
argon, photoelectrons from the cathode are unlikely at the high gas pressures owing 
to absorption of the active photons by the gas. In pure argon the photons from 
excited A 2 molecules are known to be effective as in Westberg's study. These are 
created in great profusion at near 400 torr as shown by Colli and Facchini. 24 

More work must be done in studying the breakdown in different free electron 
gases from positive points with impulse potentials in pure gases, especially using 
two photomultipliers and modern techniques. 

B. Highly stressed negative electrode 

The mechanism in this case has been recently clarified by Hassoun 2S in the 
writer's laboratory. The writer 26 in 1949 had indicated the inherent instability 
of the highly stressed negative electrode in free electron gases in consequence of 
studies of Weissler, 22 Miller, 27 and on the basis of the action of the positive-ion 
space charge near the cathode surface. Tliis breakdown was investigated in spectro- 
scopic grade He with Alpert vacuum techniques using a flashed hairpin filament 
tungsten point in a point-to-plane gap of 4 cm length. Flashing the cathode was 
essential to prevent liberation of gases through the sputtering of the cathode by 
ion bombardment. Pressures ranged from 50 to 220 torr. Current-potential, 
current-photomultiplier, and photomultiplier-potential observations of luminous 
events were recorded. Two photomultipliers were used, one at the cathode, the 
other at various points in the gap which noted the progress of luminosity across 
the gap. These photomultiplier techniques were used with 3889 A and 5876 A 
filters corresponding to two He lines, one of which (5876 A) characterized electron 
impact excited levels and the other (3889 A) was more characteristic of the arc 
phase. Still photographs enabled the shape and size of the arc channel at current 
peak to be observed. Impulse potentials of short rise time, 10~ 8 s, from a storage 
condenser, were used. Fortunately the long statistical time lag owing to the 
confined high field area near the point allowed steady potentials to be arrived at 
before the breakdown began. Thus the breakdown could be studied at various 
potentials above threshold. By varying the capacity which was discharged the 
duration of the arc could be controlled. If potential and capacity were great enough 
the transient cold cathode arc by electrode heating changed to a hot cathode arc. 
This phase was not investigated. 

The discharge initiated as a Townsend discharge with a photoelectric secondary 
7p- As indicated under the Trichel pulse analysis it quickly built up a space charge 
with high cathode field followed by the subsequent secondary liberation by 
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energetic positive-ion bombardment. Negative ions did not form. Thus the discharge 
was not interrupted as in air. However the photomultipher oscillograms indicated 
oscillations of 7 x 10 7 cycles/s caused by ion plasma oscillations with a positive-ion 
density of 4-5 x 10" electrons/cm 3 . These were constant during the duration of 
the luminosity and on occasion still photographs of the arc showed stnations. 
These oscillations were independent of instrument and circuit constants and were an 
inherent property of the arc. It is believed that with the observed exponential 
increase with time, the electrons accumulated beyond the ionic space charge more 
rapidly than they were removed by the field. Thus even here the electron space 
charge was sufficient to reduce the current momentarily, allowing the discharge to 
spread laterally over the electrode surface and setting the ionic space charge into 
oscillations characteristic of the ion density. Similar oscillations have been observed 
and theoretically predicted in the case of a positive coaxial cylindrical discharge 
with positive wire in argon by Colli, Facchini, Gatti, and Persano. As the 
negative electron space charge develops near the cathode with exponentially 
increasing current it builds up a gradient front with an exponential tip profile that 
propagates across the gap at the speed expected of electrons in the field on the 
anode side of the gap. This ranges from 4 x 1 6 cm/s at the cathode to 1 cm/s 
near the anode. The gradient front is steep enough to excite and ionize the gas as 
it advances. Thus a transient luminous pulse with an exponential rise advances 
across the gap. As observed with the filter sensitive to light by direct electron 
excitation (5876 A), this light pulse viewed at any one point rises somewhat more 
rapidly than the exponential rise of the current and declines before the current 
begins to decline. The current peak on the other hand is reached by the time the 
potential on the source has fallen to about half value. The luminosity with the arc 
(3889 A) filter peaks with the current but persists well after current appears to 
have declined. This action would be expected of a quasi-thermal arc. The duration 
of the excitation light pulse (5876 A) is such that the width of this luminous 
excitation phase, taking into account the speed of advance is about the order of the 
gap length. 

The data taken using the width of the photographed arc channel permit estimates 
of the current density at current peak. This appears to be nearly constant at 
different potentials. The potential across the arc is also constant. From these data 
and the estimated temperature of the arc derived from the diffusion during nse to 
peak to yield the arc channel diameter, it is estimated that the quasi-thermal arc is 
established well above threshold. The arc temperature then lies between 2000 K 
and 3000°K at 21 50 and 2400 volts applied across the paths but with electron 
densities of the order of 1 x 10 w ions/cm 3 . The ion density in the current channel 
is much larger than the 4-5 x 10" ions/cm 3 in the ion sheath responsible tor the 
ionization at the cathode determined by the plasma oscillation frequency. This 
discrepancy is, however, readily understood when one notes that the current of the 
arc is confined to a channel created by the initial ionized path across the gap that 
can only spread radially by electron diffusion and is later contained as an ion 
plasma channel. At current peak the whole area of the cathode is involved in 
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generating the current funnelling down into the confined channel. Estimates of the 
relative areas of cross-section of the arc channel to luminous cathode surface are in 
rough agreement with the difference in charge densities. 

It is seen here that the breakdown is by an entirely different mechanism from 
that for the electron attaching gases and for those from the highly stressed positive 
point in photoionizable gases. It is not a streamer mechanism. This mechanism is 
probably much die same as that for the breakdown of the lower pressure glow 
discharges from disc electrodes. There the discharges probably start from the sharp 
edges of the cathode and as streamers from the sharp edges of the anode. As 
potentials increase these merge into a single channel. This action may be seen in 
the breakdown of such a Geissler discharge tube as the pressure is being lowered 
with the high potential applied. 
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Introduction to Paper 20 (Stekolnikov 
and Shkilyov, The development of a 
long spark and lightning') 

The electrical breakdown of long discharge gaps is of considerable interest to high- 
voltage engineers and becomes of greater importance as the voltage at which 
electrical power is transmitted is increased. The discharge gaps of greatest interest 
technologically are those giving non-uniform electric fields, e.g. rod-plane, sphere- 
plane, and rod-rod gaps. Experimental studies have usually used rod-plane 
geometries with gap separations of from 10 cm to some metres in length. The 
voltages used are impulse voltages and the exact shapes of the pulse waveforms, 
degree of overvoltage. presence of space-charge from corona discharges and so on 
have been found to be of importance in the breakdown of the discharge gaps. The 
study of long discharge gaps in the laboratory is also attractive from the point of 
view of understanding the mechanism of the lightning discharge, the most 
dramatic and uncontrollable of all breakdown phenomena. The two areas of 
interest merge when one considers the problems of protecting electrical equipment 

from lightning strokes. 

A number of quite different techniques have been used to study the breakdown 
of long discharge gaps, some of which are described in the material suggested below 
for further reading. Optical techniques have been particularly popular and one of 
die more successful has been the use, as in this paper of Stekolnikov, of image- 
converter cameras (or electron-optical converters as they are referred to by 
Stekolnikov and others). 

The paper given here is a good example of the excellent work of Stekolnikov 
and his co-workers. It was given at a conference on atmospheric and space 
electricity and is particularly relevant to theories of lightning discharges. It is, of 
course, extremely difficult to explain quantitatively the kind of data obtained in 
this and similar investigations and to apply the results to lightning. 

Further Reading 

Meek, J. M. and Craggs, J. D., Electrical Breakdown of Gases, Oxford University 

Press, 2nd edition, to be published. 
Saxe, R. F. and Meek, J. M.,Proc. I.E.E., (1955). 
Park, J. H. and Cones, H. N.,7. Res. Nat. Bur. Stand. 56, 201 , (1956). 
Waters, R. T. and Jones, R. E., Phil. Trans. Roy. Soc. 206, 185, (1964). 
Kritzinger, J . J., appendix I of L B. Loeb's Electrical Coronas, University of 

California Press, (1965). 
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The development of a long spark and 
lightning 

I. S. STEKOLNIKOV AND A. V. SHKILYOV* 



The data on a long spark are used when analysing the mechanism of lightning 
(which, in most cases, lias a negative polarity), when estimating the quantitative 
characteristics of its stages, when studying protection areas of lightning diverters 
and the like. However, until recently, a spark was optically investigated by the Boys 
camera, which is not perfect in this respect because of its limited scanning speed 
and poor light sensitivity. On the other hand, the often-used method of 'chopping' 
of separate spark stages for obtaining successive series of static photographs of its 
development did not always have sufficient light sensitivity. In this connection, 
some investigators made serious mistakes when interpreting pictures of spark 
development as far as the structure of the impulse corona 'element', the velocity of 
the impulse corona development, the succession of the spark stages in time (for 
instance, in the -rod +plane gap), or other similar questions were concerned. 

To obtain more detailed data on the long spark, its development was studied in 
the +rod -plane, the -rod +plane, and the —rod +rod/plane gaps. The investigation 
was carried out by an electron-optical converter (E.O.C.) with light intensification 
and by electron high-speed oscillographs. The time-scanning speed of the E.O.C. 
can attain several 10 000 km/s and its high optical sensitivity permits distinct 
fixation of poor light fluxes of the spark pre-discharge stages. Detailed study of 
these discharge processes was not accessible with any of the previously used 
investigation equipment. 

The study of the negative spark on the I 5/1000 ixs wave 
This study was carried out in the —rod +plane and the —rod +rod/plane gaps 
(Stekolnikov and Shkilyov, 1962a, b). A 20 mm rod with a hemisphere at one end 
served as a negative electrode; a 1 mm rod with a hemisphere at one end, the height 
of which was 2-5-50 cm, was set on the plane in the case of the -rod +rod/plane 
gap. The gap length S , in the case of -rod +plane, was 100-300 cm; in the case 

* Reproduced from Problems of Atmospheric and Space Electricity, edited by S. C. Coroniti. 
Elsevier, Amsterdam. (1965) by permission of The Elsevier Publishing Company, Amsterdam. 
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of -rod +rod/plane, S equalled 270-300 cm. The vollage wave was 1 -5/1000 /is 
and had an amplitude U close to the minimum discharge amplitude (A: = U/U,^ * 10). 
The E.O.C. with the following lenses was used: quartz (//3-5); 'Jupiter-3' (//l -5); 
and 'Jupiter- 12' f//2-8). The E.O.C. electrostatic shutter worked on the 'open-close' 
principle so that a static picture of the discharge processes already developed at the 
beginning of time scanning was obtained. The synchronization of the E.O.C. and 
oscillograph records was provided by connecting their time plates with one scanning 
voltage source. The current was recorded with a shunt connected with a measuring 
plane of 3 x 3 m. The latter was placed at the height of 15 cm from the earthed 
plane of 8 x 8 m. 

For the purpose of more detailed analysis of the time-scanning picture of the 
spark development obtained on the 'eocograms', the discharge processes were 
occasionally simultaneously photographed by a stationary camera with a quartz 
lens (//4-5). To reduce the light flux from the main channel and the arc, the 
'chopping' of voltage in the gap S by another gap S, <S was used. 

Figure J gives the diagram of the spark development in the -rod +plane gap. 
The negative impulse corona forms a region of negative space charge; if l/pun is 
chosen, the radius of the region does not exceed iS - 0n the K 8 on boundary of 




Figure 1. The diagram of the spark development in the -rod 
+plane gap. 1 = the impulse corona; 2 = the stepped leader; 
la = the branches of the impulse corona; 2b = the step (the 
stem of the impulse corona); 3 = the negative leader; 4 = the 
positive leader; S = thread-like luminosity (the leader corona); 
6 = the main channel. 

The diagram in the insert shows the development of the 
process when the next lengthening of the stepped leader occurs 
(a, e and b indicate the static picture preceding the time scanning; 
e, , b, and c the time scanning). 



228 



Vie Development of a Long Spark and Lightning 



I. S. Stekolnikov and A. V. Shkilyov 



229 



the negative space charge, certain conditions are created so that it could propagate 
in one or two directions towards the plane in the form of the stepped leaders of 
the spark. The effective speed of propagation of these stepped leaders varies within 
the range of 0-8 x 10 7 -2 x 10 7 cm/s. When the next lengthening of this leader 
occurs, three processes take place (Figure /): the impulse corona branch propagates 
towards the plane at a velocity of 1 x 10 8 -3 x 10 8 cm/s in the form of one or more 
filaments 25-50 cm long; the tip of the step (which is evidently a stem of the 
impulse corona) also propagates towards the plane at a velocity of the order of 
5 x 10 7 cm/s (full lengths of the steps are given from 5-1 5 cm); and the luminosity 
wave (the brightness of which is more intensive in lower portions) advances up the 
stepped leader channel which was formed before at a velocity of about 1 8 cm/s. 
During the step development time, such luminosity waves may be observed to 
repeat several times and they are always directed upwards from the moving tip of 
the step. There are pauses on the order of 1 ps between the leader steps. The end 
of the preceding step is usually the beginning of the next step. 

The mechanism of the stepped leader shown in Figure 1 can be qualitatively 
described in the first approximation in the following way. The impulse corona 
which flashes from the rod impinges the negative space charge into the discharge 
gap. Most of the density of this charge is at the border of the branches. Here, 
gradients reach the critical value which gives rise to the development of new dis- 
charge processes, i.e., impulse corona flashes occur which consist of a stem and 
branches. As the negative charge is removed to the boundary region of the new 
impulse corona flash, the positive space charge is exposed in the region of its 
appearance. In this connection, the electrons from the near-electrode region flow 
towards it; this again increases gradients in the region of the negative charge which 
has been produced by them. Thus, impinging of the negative charge in the form of 
the stepped leader channel of the spark begins. The next lengthening of the stepped 
leader channel of the spark takes place at the critical gradients of the field from 
the point b, (see Figure 1) in the region of its tip. The impulse corona flashes. As 
the negative charge is removed from the region b j , the positive space charge is 
exposed here. Therefore, electrons flow along the stepped leader channel from the 
electrode towards the positive space charge. This gives rise to ionization and the 
luminosity which accompanies it propagates as a wave from the point b, to the 
point e 2 . The development of few successive flashes of ionization along the path 
b-e can be caused by fluctuations in the process of neutralization of the positive 
space charge in the region 6, , either by the electrons flowing into that region or 
leaving there. The removal can be done while the repeated impulse corona branches 
(sometimes invisible) are being formed, including those from the stem. The next 
step of the leader appears after the stem of the first step impulse corona has 
developed. The presence of a relatively narrow channel full of negative charges will 
cause sufficient gradients for initiation at the point Cj (Figure 1) of a new impulse 
corona flash which consists of branches and a stem. The process of formation of 
the next stepped leader stage of the spark repeats. The stepped leaders cause the 
air to ionize and advance a negative charge deep into the gap. This negative charge 



changes the original distribution of gradients along the gap: the gradients increase 
up to the critical value near the grounded objects. 

The stepped leader of the spark which is described here differs considerably 
from those described by Schonland etal. (1935), Griscom (1958) and Wagner and 
Hileman (1961). Simultaneously with the propagation of the stepped leader 
towards the plane, an ordinary negative leader is developed in its channel at a 
velocity of 1 x 10 6 -5 x 10 6 cm/s from the rod. At the moment when the stepped 
leader channel touches the plane, the positive leader begins developing from the 
plane; the positive and negative leader coronas connect which permits the negative 
charge to flow out of the gap to the plane. This, in its turn, contributes to the 
sharp increase in the leader velocity. The field between the tips of the approaching 
leaders becomes uniform which produces a final jump. In the -rod +rod/plane gap 
(Figure 2), the stepped leader of the spark gives rise to the development of the 
opposite process in the form of positive impulse corona branches from the 
grounded rod h/S = 001-0-2 high; the mean velocity of their tips is about 
5 x 10 7 cm/s; the process arises at a certain critical distance S a of the stepped 
leader channel from the plane. The velocity of the branch tips increases as the 
branches approach the stepped leader. At the moment when the branches and the 
stepped leader contact, luminosity blazes up along the whole gap and the positive 
leader starts developing from the rod. S„ depends essentially on h of the rod and 
its displacement about the gap axis. The decreasing of h causes S a to decrease. At 
last, if the plane is smooth (h = 0), the stepped leader touches the plane and, from 




Figure 2. The diagram of the spark development in the -rod 

+rod/p!onc gap. 7 = branches of the positive impulse corona; 

the rest of the symbols arc the same as in Figure i. 
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the point of their contact along the stepped leader path, an ordinary opposite 
positive leader develops at an initial velocity of about 10 7 cm/s. When the positive 
leader appears, the velocities of the positive ordinary leader and the negative 
ordinary leader become approximately equal and rise rapidly for both the -rod 
+plane gap and the -rod +rod/plane gap. A sharp increase of the tip velocity can 
occur in any section of the gap while the leader is developing. In the time-scanning 
pictures, this increase of the Up velocity appears to be a jump-like lengthening of 
the channel, and this is called a 'jump' (Stekolriikov and Shkilyov, 1960). The 
jump duration is on the order of 10" 8 s and the length is 15-125 cm at S = 500 cm 
in the +rod -plane gap. While examining the oscillograms of current, it was found 
that the leader is degraded (Stekolnikov, 1957). This phenomenon is due to the 
fact that the field in the discharge gap becomes uniform. Ionization processes take 
place almost simultaneously along the residual gap; this, perhaps, accounts for the 
rise of jumps. The jump with which the leader stage is concluded is called final. 
Perhaps this phenomenon is similar to a "pre-strike' in lightning (Griscom, 1958). 

The diagram plotted in Figure 3 was brought forward by Schonland and his 
associates on the basis of photography of lightning by the Boys camera. Captions 
in the figures define the element of this diagram. Comparison of the diagrams in 
Figures I and 3 shows that they are far from being similar. 

As mentioned, if in the case of a spark, no main channel and no breakdown are 
formed after the stepped leader touches the plane, lightning which strikes the plane 

cloud e 




Figure 3. The diagram of lightning leader development 
(Schonland etal., 1 935; Schonland, 1938, 1953). 
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is assumed to develop the main channel immediately after the stepped leader 
approaches the ground surface; the stepped leader path is considered to be highly 
conducting. Further lengthening of the stepped leader of the spark does not 
correspond to the described mechanism of the lightning leader step. Our pictures, 
taken by apparatus of high optical sensitivity, did not show the 'pilot-leader' of 
the kind postulated by Schonland (1938, 1953). 

Taking the obtained data into consideration, it is possible to assume that the 
diagrams of lightning development based on Boys pictures must be reconsidered. 
We conclude that the lightning development must be studied with E.O.C. The 
diagram of the spark development in the —rod +rod/plane gap {Figure 2) differs 
essentially from the assumed diagrams which show the lightning stroke to the 
metal mast (the lightning arrestor). This case is of great importance for calculations 
of overvoltages which are produced by lightning striking a tower of a transmission 
line. 

The investigation of the spark on exponential waves 

Tests which had been carried out in our laboratory show that the strength of the 

discharge gap (+rod -plane) greatly depends on the shape of the wavefront 

(Bazelyan et al., 1960; Stekolnikov et at., 1962). On the exponential wavefront 

(conventionally called an 'oblique wavefront'), the voltage-time characteristic for 

the +rod —plane gaps has a {/-type form with the minimum V a within the range of 

1 50-300 us (Figure 4). Under this condition for the rod -plane gap length 

S = 4-5 m, the average discharge gradient £ av = 24 kV/cm instead of E m = 5-35 

kV/cm on the standard wavefront. 



1600 r 
1400 - 
I20O - 

1000 - 
5" 800 " 
600- 
400- 
200- 







----- 



100 



' ' ' ■ ' 



_L 



J L. 



10 



20 



40 



60 80 100 



200 



400 600 800 1000 



Figure 4. Voltage-time characteristics of the +iod -plane gaps 
on exponential (oblique) waves of voltage. 
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As a result of these experiments, it was assumed that the space charge, which is 
impinged first by the impulse corona and then by the leader channel and its corona, 
is a main factor which causes large E av in the left-hand side of the £/-type 
characteristic (Figure 4). The charge which is impinged by the impulse corona is, 
evidently, proportional to some extent to its intensity and to the branch velocity. 
For instance, it has been found that for the +rod -plane gap of S = 200 cm, at 
the average steepness of voltage front A = 500 kV//is and the 2/1000 /is wave, 
the effective velocity of the impulse corona (u^ ) was 2 x 10 7 cm/s. If A is 1-7 
times more than that in the previous case and the waveshape is the same, d Lc . will 
be 1 8 cm/s. As A is lowered, the charge which is impinged into the gap is also 
reduced. The increase of the discharge voltage in the right-hand side of the t/-type 
characteristic can be caused by accumulation of the space charge in the gap which 
has been impinged, as it is shown in the time-scanning photographs, by numerous 
flashes of the corona stems and by the leader corona. The study of the discharge 
mechanism within various ranges of voltage-time characteristic by the E.O.C. has 
shown that V d depends on the length to which the unbridged gap is shortened at 
the moment the ionization region, in the form of the impulse corona and the 
leader corona, touches the plane. This, in its turn, makes it possible to remove the 
space charge from the gap, which accelerates the development of the leader and 
completion of the breakdown if voltage is still applied to the gap. 

Recently, the (/-type voltage-time characteristic was found at the negative 
voltage for S = 1 and 1 -5 m (Figure 5). It should be noted that if t d > 20 /is, a 
considerable scattering of values of V d and t d is observed for each of the fixed 
waves. This characteristic is of interest both in the practical and in the theoretical 
respect and was the reason for studying discharge processes on the wavefronts. the 
duration of which varies within the range of 1 -5-400 us. Corresponding waves were 
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formed by front-building capacitance, C f = 1000 pF, connected in parallel with 
the discharge gap; front-building capacitance was charged by the impulse 
generator (C outpu , = 002 x 10 " 6 F) through the resistance R f , which varied within 
the range of 2-5 - 350 kft. Eocograms and oscillograms obtained gave new data 
on the spark development in the -rod +plane gap. 

The fact that the exponential wave is applied to the discharge gap means that 
the steepness of voltage front is continuously changing. However, this variable 
steepness of voltage front can be approximately characterized by a certain constant 
average steepness (rate) A; for instance, that between / = and t = 2-3RjCf. Thus, 
the exponential wave offers a good way of affecting the discharge gap with waves 
of various average steepness of voltage front; but the change of the steepness 
during the voltage-front time does not considerably affect discharge processes if 
RfCf remains constant. The decrease of A to 100-250 kV//is, as compared with 
the standard wave where A = 600-100 kV/j/s, causes discharge processes to change. 
Figure 6A shows that the impulse corona appearing at the beginning of the discharge 
was not over 25 cm in length. The stepped leader of the spark is preceded by an 
impulse corona. In this case the voltage-wave amplitude (Figure 6B) is somewhat 
less than V d , and A = 160 kV//is until the time /, , the effective velocity of the 
stepped leader is 1 -2 x 10 7 cm/s; the velocity of the negative leader, which 
propagates along the stepped leader path, is about 1-4 x 10 6 cm/s. At the next 
interval, t 2 - tx,A m = 40kV/us, and after t 2 , the rate of voltage rise decreases 
still more. The stepped leader stops propagating because of the low voltage 
amplitude. Figure 6C illustrates the process of further stepped leader development 
where the voltage amplitude U was high enough to cause breakdown. The start of 
the time scanning was at the moment f ', when the stepped leader had advanced 
125 cm into the gap. Several stepped leader channels, near which one can see the 
impulse corona branches which took place during the stepped leader propagation, 
are distinguished on the static picture preceding the start of time scanning. 
Lengthening of the channel a-b alone is visible after the moment t '. The branch 
of the impulse corona appearing at the moment t\ from the point b y reaches the 
plane. Simultaneously, the waves of luminosity described above propagate in 
consecutive order up the stepped leader path at a velocity of 1-3 x 10 8 cm/s. By t 2 , 
the stepped leader channel grows towards the plane; the positive leader develops 
from the plane at an average velocity of 1-2 x 10 7 cm/s; now the luminosity extends 
along the whole gap. This thread-like luminosity (filaments which are probably 
traces of the flowing spheres of the kind which have been described by Park and 
Cones (1956) and which propagate at a velocity on the order of 10 8 cm/s) 
connects the tips of the positive and negative leader. The E.O.C. shutter was 
closed at t 3 '. 

The 'lacing' was found (Stekolnikov and Shkilyov, 1962b) to develop in the 
stepped leader channel of the spark. These lacings are also observed to develop on 
exponential waves. In Figure 7, the lacing develops from the moment r, in the 
advancing stepped leader channel from the point P in the gap space towards the 
points m and n. The development of this type of a channel permits calling it a 
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Figure 6. Discharge lime-scanning picture 04, O in the -rod 
+plane gap, .S'„ = 2 m in length, (B) gives the shape of voltage wave. 




Figure 7. Eocogram of the stepped leader with the space leader 
developing in its channel P-m-n ( rod +planc, S = 2 m; 
distortion of the scanning line t „-r,-f, is due to the faull of the 
E.O.C.). 



'space leader'. The channel develops in both directions from P (Figure 7). The 
velocity of the positive tip of the space leader is on the order of 3 x 1 6 cm/s 
and that of the negative tip is 0-3 x 10 6 cm/s. The velocity of the negative leader 
Up (from the electrode) is about 0-3 x 10 6 cm/s. At the moment t 2 , the positive 
tip of the space leader touches the negative leader at the point m. The impulse 
corona is formed simultaneously at point n from the lower tip of the space leader; 
the fact that the impulse corona is formed at the moment of joining of the space 
leader with the negative leader permits the assumption that the channel of the 
space leader conducts very well and its potential before touching differs consider- 
ably from that of an electrode. Therefore, the potential of the negative tip of the 
space leader increases sharply at the moment of joining. The negative leader channel 
is lengthened by jumps of the length of the space leader as a result of those processes 
described. 

If A < 40 kV/f/s, the stepped leader does not develop as an uninterrupted process 
from the rod to the plane. At first, successive flashes of the impulse corona with 
simultaneous lengthening of the leader channel from the rod occur near the rod at 
some intervals {Figure 8). Near the rod, the impulse corona produces a region of 
space charge as found on the wavefront of 1 -5 ps (Stekolnikov and Shkilyov, 
1962b); however, this region is formed for a longer period of time by several 
separate flashes of the impulse corona. At the same time, the leader from the rod 
is lengthened. Thus, from a particular moment, the development of the spark will 
be similar to that on the standard wave. The development of this process until the 
impulse breakdown stage is shown in Figure 9A ; the start of the time scanning is 
made at the moment t , before which several flashes of the impulse corona with 
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Figure 8. Push-like propagation of the negative leader (-rod 
♦plane, S„ = 2 m). 




Figure 9. (A) The cocogram shows the stage preceding the final 
stage of discharge (S = 1 -7 m). (B) Eocogram of the positive 
leader and the negative leader propagating towards one another 
(S = l-9m). 
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lengthening of the leader channel were formed in the gap. These elements, un- 
manned, are seen at the beginning of the eocogram. The space leader begins develop- 
ing from point Cat the moment r, ; it touches the electrode channel at point b at 
the moment 1 2 . The potential of the negative tip of the space leader at point d 
becomes equal to the electrode potential (this process has the form of a jump) and 
an impulse corona develops from the tip. Though it does not reach the plane here, 
it creates conditions for further development of the stepped leader of the spark 
which, advancing to the plane, gives rise to an opposite leader; this, in its turn, 
stimulates the development of the negative leader. The last stages of this process 
can be seen in Figure 9B. Here, the positive leader and the negative leader develop 
at about the same increasing velocity. The E.O.C. shutter closed before the 
leader channels touched. 

The data obtained make it possible to plot principle diagrams {Figure 10) of the 
negative spark development in the -rod +plane gap (S = 1-5-20 m). The diagrams 
correspond to certain ranges of varying ,4 of the voltage wave which was applied 
to the gap. The diagrams are the average picture of spark development composed 
of a large quantity of eocograms. Figure 10 A shows the spark development at 
A = 250-100 kV//iS. At the critical value of voltage V„, an initial impulse corona, 
the branches of which are not very long, develops from the rod. Then, as V 
increases, new elements of the impulse corona are produced (a repeated impulse 
corona). Both types of impulse corona produce the region of space charge near the 
rod; but this region is much less than in the case of the wave 1-5/1000 /is. Further 
increasing of voltage V gives rise to the development of the stepped leader, along 
the channel of which the negative leader develops from the rod. The phenomena 
described above are accompanied by current impulses measured at the plane; they 
characterize space charges impinged by the spark elements into the gap. After the 
stepped leader channel touches the plane, the positive leader arises from the latter 
(Stekolnikov and Shkilyov, 1962a, b). A speedily increasing current accompanies 
the development of leaders. As the tips of both leaders are connected by threadlike 
luminosity, ionization takes place along the whole gap; it extends from the positive 
leader to the negative leader in the form of luminosity waves and the whole gap 
becomes conductive. This causes the leader tip velocities to become equal and the 
leader lengths to increase rapidly. The gradients between the leader tips become 
uniform and grow with the approach of the leaders until the final jump occurs 
(Stekolnikov and Shkilyov, 1960). The effective velocity of the stepped leader is 
(0-7-1 -2) x 10 7 cm/s. The velocity of the negative leader (before the appearance 
of the positive leader) is (0-8-21) x 10 6 cm/s. The initial velocity of the positive 
leader is on the order of 10 7 cm/s. Thus, if A = 250-100 kV/jts, the breakdown has 
the following stages: (1) the initial impulse corona and the repeated impulse 
corona, (2) the stepped leader, (3) the negative leader, which develops simultaneously 
with the stepped leader, (4) the positive leader, which is connected with the 
negative leader through the corona, (5) the final jump, and (6) the main channel. 
If A = 100-50 kV/us (Figure 1 0B), the beginning of the discharge is similar to 
that in the diagram of Figure 10A. However, when the stepped leader is at a 
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considerable distance from the plane, the 'space leader' is formed and develops along 
the stepped leader channel. The space leader has two tips; the upper positive lip 
moves towards the negative leader (in the direction of the rod) and the negative 
one develops towards the plane. To account for the development of the space 
leader, it is assumed that the positive space charge is formed below point P when 
the impulse corona, which removes the negative charge, develops. If the stem of the 
preceding step is assumed to keep rather high conductivity, it may serve as a point 
from which the space leader channel will develop to the field created by the 
negative leader and by the positive charge; the latter arises periodically in ihe 
stepped leader development time. The tips of this channel propagate along the 
paths P-m andP-n. At the moment when the tip m of this channel and the negative 
leader meet, the length of the leader 3 increases by a section m-n with high con- 
ductivity and the point n rapidly assumes the electrode potential. This process is 
similar to' application of the wave potential with the high rate of voltage nse to 
the 'electrode' which is moved into the gap. If the instantaneous voltage in the 
gap is sufficient for the gap 5, (5 - k-n in length) to be bridged, the breakdown 
occurs after the scheme which is given for the standard wave of voltage. As in 
Figure IOC, if the space leader propagating from the pointy, is not able to create 
necessary conditions, no breakdown occurs. 

The velocity of the negative tip of the space leader is close to the negative 
leader velocity, and the positive tip velocity exceeds it. In this stage, the space 
leader exists as a part of the stepped leader channel. After the negative leader is 
connected with the space leader, the potential of the space leader's lower tip, 
which becomes the tip of the negative leader from that moment on, rises rapidly 
enough to form the intensive impulse corona. 

In cases where the branches of the impulse corona do not reach the plane, the 
stepped leader develops. The fact that the latter touches the plane gives nse to the 
positive leader and further, the leaders join. If the branches of this corona reach 
the plane, the positive leader develops with no preceding stepped leader. 

Thus, if A = 100-50 kV/fis, the breakdown has the following stages: (/) the 
initial impulse corona and the repeated impulse corona, (2) the stepped leader, (i) 
the negative leader. (4) the space leader, its joining with the negative one, and (5) 
the breakdown similar to that on the standard wave. 

It should be noted that a velocity on the order of 5 x 1 6 cm/s is critical tor 
the stepped leader and it probably cannot develop at a lower velocity. The space 
leaders (several space leaders can develop in a stepped leader channel) are usually 
observed to form within 10 /is after the moment the first discharge processes start. 
Joining the negative leader channel, the space leader causes the unbndged gap 
length to decrease sharply and, therefore, the reduction of the discharge voltage 
V a is observed on the oblique wave. 

If A = 40-3 kV//is, the discharge process begins with the initial impulse corona 
and the repeated impulse corona (Figure WQ. Simultaneously, a channel of the 
kind of a leader is formed; the new impulse corona develops irom the end of this. 
This process repeats in some pauses, and the leader channel and the branches of 
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the impulse corona increase in length every time. A phenomenon of this kind was 
observed by Walter (1 899) and he called it a 'push-like leader'. The reason for such 
development of the process is probably because the space leader which joins the 
channel developing from the rod brings about a rapid increase of the potential of 
its tip; due to this fact, the impulse corona is formed. Foryl = 40-30 kV/ps, the 
effective velocity at which the region of the impulse corona propagates is equal to 
3-5 x 10 6 cm/s and the effective velocity of growing of a push-like leader is on the 
order of 1 x 1 6 cm/s. The lengthening of the negative leader finally gives rise to 
breakdown which is typical of the standard wave. Thus, if A = 40-3 kV//is, the 
development of breakdown has the following stages: (]) the initial impulse corona 
and the repeated impulse corona, (2) the pushlike leader, and (3) breakdown similar 
to that on the standard wave. 

In this scheme, a rather intensive impulse corona, which increases the space 
charge near the channel tip, develops before the above-mentioned breakdown, and 
delays the development of the negative leader; V d is higher than that for the 
diagram in Figure 10B. This accounts for the increase of the branch which is to 
the right of the minimum value V a . 

Summarizing the data on negative spark development, it is possible to distinguish 
the main elements which precede breakdown: (7) the impulse corona (initial and 
repeated), (2) the stepped leader of the spark, (3) the negative leader (continuous 
and push-like), (4) the space leader, (5) the positive leader, (6) the final jump, and 
(7) the main channel. 

Some conclusions 

(J) It has been shown that the change in the steepness of the voltage wavefront (A) 
in the -rod +plane gap causes the mechanism of the spark development to change 
essentially. The degradation of the negative leader, the tip of which circumscribes 
the solid line (Figure 10A) at A< 40 kV/ps into the push-like leader, is of particular 
interest. Its appearance resembles that of a scheme of a similar process of lightning 
mentioned by Walter (1903) and Toepler (1926). The theoretical interpretation of 
this phenomenon was given by Griscom (1958). This fact permits the conclusion 
that lightning develops on a rather slowly rising wave of voltage; this, in its turn, 
makes it evident that for calculation purposes, average gradients determined from 
the £/-type voltage-time characteristic must be chosen, and not those for standard 
waves as it is accepted to do. 

(2) The continuous negative leader develops in the -rod +plane gap on oblique 
waves at A > 40 kV/ps till the stage thread-like luminosity if U, - U (x) < 0, where 
U, is the instantaneous electrode potential and U (x) is the discharge voltage when 
applied for some length of time ('prolonged action' of voltage) between the leader 
tip and the plane. 

(3) As found by the authors, the continuous positive leader also develops in the 
+rod -plane gap on oblique waves at A > 1 kV/ps if U, - U (x) < 0. 

On the wavefronts close to standard, the positive leader will propagate in the 
+rod -plane gap if U, - U (x) > ( Akopyan et al. , 1 956, 1 958). 



(4) UA< 100 kV/^s, a phenomenon of great interest takes place: after the 
negative leader and the space leader join (Figure 10B), a jump-like lengthening ot 
the former takes place, accompanied by a rapid transferring of the electrode 
potential to the negative leader tip, which results in the impulse corona 
Simultaneously, the negative leader tip rapidly propagates toward the plane 

A similar process can be also seen in Figure IOC (A <40 kV/ps). In this figure 
the above-described phenomenon is observed to start at points/', and P 2 when the 
push-like negative leader develops. 

Further, in both cases (Figure 10B, Q, after the branches of the impulse corona 
or the stepped leader touch the plane, the positive leader develops from it. Then 
the leader tips approach one another, which results in the final jump and the main 

channel formation. .... 

(5) Optical studies of the spark by the Boys camera and by other similar apparatus, 
which had been carried out until recently, were imperfect because of their limited 
speed of scanning and insufficient light sensitivity. In this connection, serious 
mistakes were made by a number of authors when describing the spark development; 
for instance, when describing the structure of the impulse corona and the velocity 
of its development, succession of the spark stages in time, especially in the -rod 
+plane gap, etc. The widespread extrapolations made from the mechanism of the 
spark development to the processes occurring in lightning and, expecially, in its 
leader stage, are not well justified. This accounts for the wide variation in its 
characteristics such as, the stepped leader channel diameter, the pilot-leader structure 
(whether it propagates uniformly or by jumps of the impulse corona) and others. 
When analysing lightning, an optical study of it by the E.O.C. should probably 
be taken as a basis; it is hoped that a better correlation of the data on the two 
phenomena will be obtained if eocograms on the negative spark are available. 

Summary 

The paper deals with the description of the method for investigation of a long spark 

in rod - plane gaps with application to the rod of negative voltage waves of 

different front duration. Optical phenomena were recorded with an electron-optical 

converter; recording of electric processes was made by means of a multi-ray electron 

oscillograph. 

The performed tests established a detailed picture of the negative spark develop- 
ment in gaps 1-3 m in length with voltage waves of different front steepness. New 
stages of discharge were discovered and sequence of spark development stages and 
quantitative characteristics of some discharge stages were determined. The 
mechanism of a long spark was found to depend essentially on the steepness of 
the wave of voltage applied to the gap. Of special interest is the transformation of 
the smoothly developing channel of the negative leader into a push-like leader 
that is again transformed into an uninterrupted process in the final portion of the 
discharge. Channels which arise in the gap and are then joined with the channel of 
an ordinary leader which starts from a negative electrode were registered. This 
phenomenon is of value when considering a possible mechanism of lightning. 
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The comparison of the mechanism of long spark development and that of light- 
ning showed considerable difference between these processes. It is concluded that 
lightning mechanism should be experimentally studied in detail with devices of the 
kind used in our investigation. 
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Introduction to Papers 21, 22 and 23 
(Schonland, Malan and Collens, Extracts 
from 'Progressive lightning, Part 2'; 
Schonland, Extracts from 'Progressive 
lightning, Part 4— The discharge 
mechanism'; 

Schonland, 'The pilot streamer in 
lightning and the long spark') 

The first two of the papers (21 and 22) from which extracts are given were part of 
a series on Progressive lightning by Schonland and his associates which established 
the main visible features of a lightning flash. Only part of the paper describing the 
experimental work and part of the earlier theoretical paper is given here. The 
extracts selected describe in particular that part of the flash known as the 'stepped 
leader stroke'. In paper 22, the author found it necessary to postulate that the 
stepped leader stroke was preceded by a so-called 'pilot leader' or 'pilot streamer' 
which provided a volume of ionisation in front of an arrested stepped leader. Paper 
23 gave a revised version of the theory, based on the new experimental data 
acquired between 1938 and 1953. (Schonland's schematic diagram of the develop- 
ment process is also shown in paper 20.) Other theories have been developed by 
Bruce (1944) and Komelkov ( 1 947 and 1950), and in 1961 Wagner and Hileman 
formulated a theory which retained some of the main features of each of the earlier 

theories.* 

Recently, Aleksandrov has reconsidered the mechanism of a spark discharge 
from a negatively charged point and of lightning. The central idea of his calculations 
is that the gas in an arrested leader step is heated by collisions between the gas 
molecules and energetic electrons, and a highly conducting channel is formed. This 
leads to an increase in the field between the end of the channel and earth and 
hence to the growth of a streamer from the tip of the channel. It is perhaps a 
little early to assess the long-term importance of Aleksandrov's work, but it is clear 
that more needs to be done to correlate studies of lightning with the results of 
laboratory experiments. 

* A useful discussion of the various early theories of stepped leaders is given by Urn an in 
the final chapter of his recent book Li&tmng. (McGraw-Hill, 1969). Hie chapter also .ncludes 
brief discussions of the theories of dart-leaders and return strokes. 



244 



Introduction (Papers 21-23) 



Further Reading 

Malan, D. J., Endeavour 18, 61 , ( 1 959). 

Bruce, C. E..Proc. Roy. Soc. A183, 228, (1944). 

Komelkov, V. S., Bull. Acad. ScL U.S.S.R. 6, 85 1 , (1 950). 

Wagner, C. F. and Hileman, A. R.,A.I.E.E. Trans. 80III, 622, (1961). 

Aleksandrov, G. N., Soviet Physics-Tech. Phys. 12, 203,(1967). 

Berger, K. and Vogelsanger, Bull Schweiz. Elect. 57, 1 , (1966). 

Uman, M. A., Lightning, McGraw-Hill, New York, (1969). 



21 



Extracts from Progressive lightning — Part 2 

B. F. J. SCHONLAND, D. J. MALAN 
AND H. COLLENS* 



1. Introduction 

An account has previously been given of some results obtained with the Boys camera 
in the study of lightning discharges and of some deductions as to the nature of these 
discharges.t The present paper is concerned with further studies in the same field 
with improved technique and apparatus. 

The material now available includes 41 photographs comprising 95 separate 
flashes and over 200 lightning strokes. These have been obtained from 1 3 different 
thunderstorms over a period of three years, and may therefore be considered to 
offer a fair sample of the lightning discharges of Southern Africa. We have derived 
from them a general picture of the nature of the discharge and the manner of its 
development which seems to be valid for the great majority of the cases studied. 

This would suggest that the picture is applicable to lightning observations else- 
where, in temperate as well as tropical regions. It is therefore of interest to note 
that the results described in the previous paper have been confirmed by observations 
made in the Northern United States (lat. 42° N.) by K. B. McEachron and others^ 
with a Boys camera. Further support for this view is to be obtained from the early 
observations of Walter, § whose work with a slow-moving single-lens camera is well 
known. 

It is thus probable that the interpretation of our results which follows applies 
to flashes from storms in temperate as well as tropical climates. In temperate regions, 
however, a type of flash which is rare in South Africa and perhaps not so rare else- 
where- discharge from a positively charged cloud volume-may exhibit interesting 
and important differences in development. 

The present paper is devoted to an analysis of the main facts which are likely to 
enter into any general discussion of the lightning discharge and its effects. The 
theoretical questions raised will shortly be dealt with in a further publication, as 
also will a few exceptional discharges presenting unusual features. 

* Reproduced from Proceedings of the Royal Society, A152, S95, (1 935) by permission of 
The Council of the Royal Society, London. 

t Schonland. B. F. J. and Colicns, II., Proc. Roy. Soc. A 143, 654, (1934), referred to as 
part I. 

t Elect. (CI.) J. 31. 251, (1934). 

§ Ann. Pliysik 10, 393, (1903), and Jahrb. Hamburg wiss. Anstalten 20, ( 1 903). Wc regret 
that these observations and deductions escaped our notice until recently. They arc further 
discussed in sections 6 and 7. 
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It is necessary to point out that practically all the discharges which have been 
photographed occurred between the base of a thundercloud and the earth. 
Some information has been obtained about discharges which fail to reach the 
ground (section 10), but the most frequent type of discharge, that taking place 
entirely within the cloud, cannot be dealt with by these methods at all. 

2. Apparatus and technique 

For successful photography with the Boys camera, it is necessary to operate the 
device in the country, away from the lights of towns, for the camera must be exposed 
for some time before a photograph is obtained. It is therefore preferable to drive 
the rotating lenses by hand, and the difficulty of determining the speed of rotation 
is solved by operating just beyond one of the critical frequencies of vibration of 

the camera. 

The type of camera used in most of the present work has already been described 
(part 1, p. 654). The speed of rotation was about 3000 revs/min, nearly twice that 
previously employed. With good conditions this means a resolving power in time 
of 0-6 us (part I, p. 656). For flashes 12 to 95, the photographs from the Boys and 
the fixed camera were supplemented by others from a slow-moving camera, working 
off the same drive as the fast Boys instrument. This camera consisted of a single 
lens, making one revolution for every 59 of the two-lens instrument. It was 
originally provided to give the order of appearance of the successive strokes of the 
discharge, but turned out extremely valuable in that it clearly showed the slower 
leaders to strokes. 

A form of Boys camera in which the two lenses are fixed and the film revolves 
on the inside of a drum has recently been employed by us (flashes 82 to 87).* This 
arrangement gives resolving powers as low as 0-3 us, since the relative velocity of 
the two images of the discharge is 35 m/s. This form of Boys camera has several 
advantages, for it gives a linear record instead of a circular one, and the length of 
the linear track is 2-3 times as great. There is consequently less overlapping of the 
stroke images and less fogging from cloud discharges. 

On many of the later photographs, e.g. flash 76, one lens has been open to //6-3 
and the other stopped down to// 16. This arrangement allows of photometric study 
of the relative intensity of the light from different parts of a stroke, the leader and 
the main return portion, for example. 

In discussing the records we have, as before, allotted to each flash a number and 
distinguished the strokes forming one flash by letters. After flash 1 1, these letters 
correctly indicate the actual place of the stroke in the series; before flash 1 1 , since 
no slow camera was available, they were allotted at random. 

3. General account of the nature of flashes to ground 

In this section an account is given of the general features of the lightning discharge 
which arc common to most of the photographs studied, the evidence for the picture 
presented being discussed later. 

Each lightning flash to ground consisted of a series of separate strokes ranging 
in number from I to 27. The time of separation was very variable, even in the same 
series, and values of from 00006 s to 0-53 s have been found. 

• Constructed by Ross and Co. to the design of Sir Charles Boys, and slightly modified. 
This camera was very kindly presented to the South African Institute of Electrical Engineers 
by Mr. Bernard Price. O.B.E. For the fitting of the driving gear and auxiliary cameras wc wish 
to thank Mr. C. J. Monk and Mr. P. C. A. Crewe. 
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The first stroke of each series differs from the others in two respects, which 
make it easy to identify. It is usually much more intense than the succeeding 
strokes and is always much more heavily branched. 

Bach stroke is composite, and consists of a leader portion travelling from cloud 
to ground and a main return portion moving faster and more brightly in the reverse 
direction. The leader to the first stroke consists of a series of streamers moving 
downwards in a step-by-step manner, and is hence referred to as 'stepped'. The 
length of each step is about 50 m, and after completing a step the tip of the 
streamer appears to pause for a time of the order of 100 /is, whereupon the streamer 
extends still further, the new step being much brighter than the rest of the streamer. 

The prolific branching of the main part of the first stroke of a series arises solely 
from downward branching in the stepped leader which precedes it. The course 
followed by the steps decides the path which is followed generaDy by all the strokes 
making up the flash and the zig-zag nature of the channel arises from changes in 
the direction adopted by successive steps. 

The leaders to the subsequent strokes of the series are in general of the dart-like 
character previously described. They follow the path blazed by the first leader but 
usually do not branch. When branches are formed by either first or successive 
leaders they are subsequently more brilliantly illuminated during the return stroke. 

Occasionally, however, when there has been an unusually long interval before 
the occurrence of a 'subsequent' stroke, the lower end of the usual dart leader 
becomes stepped like the leader to a first stroke. This type of leader is termed 
dart-stepped. 

The second, upward-moving, return portion of each stroke follows directly upon 
the arrival of the leader part at the ground. In the course of its journey the return 
part branches outwards and downwards along the forks blazed by the Jeader. In 
some flashes, as at y in Figure 1, the leader is still moving out along a branch when 
the return part catches it up. In others, as at js in Figure 1, the leader branch has 
ceased to develop some time before the return portion starts. The very bright 
luminosity of the return stroke has its longest duration and greatest intensity at the 
ground and often shows a marked decrease in intensity at successive branches from 
the bottom upwards. 

The main features ol a straight vertical discharge as they would be shown on an 
endless film by one lens of a Boys camera with horizontal displacement are 
represented diagrammatically in Figure 1, which is not drawn to scale. The mean 
values of the various time intervals make it clear why several camera speeds are 
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Figure J. Average values: /, . . 001 sec; f, . . 0-001 sec; 
r, . . 000004 sec; T . . 003 sec; L . . 20 km. 



necessary to obtain the fullest information about the discharge^ The Boys method 
of studying the progress of a stroke depends, of course, upon the use of two records 
like Figure 1 with lens displacements in opposite directions. 



~A 




Figure 2. 



The type of record given by the slow-moving camera for the first stroke of 
Figure 1 is illustrated in Figure 2. Results of this kind were first obtained by Walter 
(toe cit ) with a slow single-lens camera in 1 902, and similar effects are to be found 
on photographs taken by Larsen in the same way. In both cases, however, the 
camera speeds were too slow to give the stcpped-leader processes of Figure J. 



5. Leader strokes 

(a) Occurrence of the leader-return stroke combination 

In order to determine whether the leader-main stroke sequence was the most 
frequent, if not the invariable, mode of development in these discharges, the data 
were analysed as shown in Table 3, which indicates the numbers of first and of 
subsequent strokes showing leaders. 

Of the 'good' pictures, 93% show leaders, while of 'good and fair combined 
the fraction is 73%. Including pictures classed as 'poor' we find 94 leaders to 158 

strokes. 

Where no leader portion of a stroke was observable, the subsequent main 
return portion always travelled upwards from ground to cloud as usual, and this 
fact coupled with the figures in Table 3, leads us to conclude that the leader was 
too faint to be recorded. All the return portions of the strokes photographed by us 
have been found to travel upwards, and of the 33 complete flashes analysed in Table 3, 
28 show leaders on one or more of their strokes. 

In these thunderstorms, therefore, the leader-return stroke sequence was in the 
great majority of cases, if not always, the characteristic feature of discharges to 
ground. 
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(b) First stroke leaders 

The leaders to first strokes can usually be most easily recognized on the slow- 
moving camera, where they have the dart-like appearance shown in Figure 2 On 
the fast Boys camera they are difficult to see unless the discharge is near, for the 
series of steps in their progress may occupy almost the full circumference of the 
circular Irack, much of which is taken up with other strokes and general fogging. 
On the best pictures we can see the whole course of these stepped leaders, but on 
many others only a portion is visible, depending on the amount of background 
present. Here recourse is had to the slow-moving camera to show that the leader 
track was actually present all the way down from cloud to ground. 

Tabic 3- Occurrence of leaders 



^ 



Photography 


First Strokes 


Subsequent Strokes 


All Strokes 


I air 

Totals 


Number 
IS 
18 

33 


Leaders 

15 

9 

24 


Number 
26 
41 

67 


leaders 
23 
26 

49 


Number Leaders 
41 38 
59 35 

100 73 



Table 4 summarizes the manner in which information of this kind has been 
collected. In the first column we have described the photographs from the point 
of view of the possibility of delecting the rather faint steps on the fast camera 
record. 

Table 4- Leaders to first strokes 



Photography 



Number of 
first strokes 



Good 


15 
18 




19 



Leaders observed on 

*■ 



Slow and fast 
cameras 



Slow 
only 



Fast 
only 



None 



7 
3 





3 

5 






9 

16 



No case has been observed in which the leader to a first stroke has been other 
than stepped when examined with the fast camera. 

(c) Subsequent stroke leaders 

The leaders to subsequent strokes are generally of a continuous dart-like 
character, as described in part 1 , p. 662, but in at least three discharges we have 
definite evidence of the 'dart-stepped' form, in which the dart changes at its lowest 
and slowest end to a stepped leader. The steps in such cases, as shown in Table 5, 
are very short, about 10 m long, and the pauses between them about 8 /us, so that 
it is not easy to detect them except under good conditions. It is possible that the 
effect occurs in other cases as well and that what has been described as the dart- 
leader process is actually only a special case of the stepped leader to the first stroke. 
In Table 5 the length found to be stepped, shown in column 5, is the length 
nearest the ground. 
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Rash 


Stroke 


Velocity 
(cm/s 10') 


Total 

length 

km 


Length 

stepped 

km 


Step 
length 
metres 


Pause 
time 


67 
64 
75 


b 
b 
d 


1-9 
1-2 
10 


202 

2-3 

30 


0-3 
0-7 
0-7 


90 

100 

7-4 


7-4 
90 
7-4 



The detailed discussion of stepped leaders, in particular of those to first strokes, 
is resumed in section 8. 

6. The velocities of leaders 

(a) Effective velocity of stepped leaders 

The stepped leaders to first strokes (sections 3 and 8) proceed in a series of jerks 
to ground, and consequently their effective velocity v is considerably less than the 
velocity V with which the streamer producing each fresh step advances. The 
effective velocity is obtained by dividing the total path length L by the time 
occupied over the path T and the values found for this quantity are given in the 
distribution Table 6. The table contains corresponding data for a number of 
stepped discharges from the cloud which do not reach the ground (air-discharges), 
and for the stepped portions of dart-stepped leaders to subsequent strokes 

The mean value of v for leaders to ground from first strokes is 3-8x10 cm/s, 
but about half the values listed lie within the range 10 to 3-0 x 10 1 cm/s. The 
above are two-dimensional path velocities and should be increased by 30% to 
obtain the actual velocities in three dimensions (part I, p. 660). The values for the 
five air discharges and for dart -stepped leaders are higher than for ordinary stepped 

leaders. ... i i <■ 

The most probable length of time taken by a stepped leader to traverse 1 km ot 
air would, from Table 6, be 0007 s, the range being from 0-01 to 00008 s. For 
three first -leader processes between a cloud at an undetermined height and the 
ground, Walter* gave durations of 002, 0009, and 0007 s. 

Table 6 Effective velocities of stepped leaders 



Velocity range 
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• Walter, loc. cit., pp. 21 and 30. 
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8. The nature of stepped leaders and air discharges 

(a) Some special cases 

In amplification of the descriptions given in section 3, three of the twenty-four 
cases of stepped leaders and air discharges, section 1 0, will be described in some 
detail. 



In Figure 10, are reproduced the records of the four strokes of flash 66, which 
passed between cloud and ground at a distance of 12 km from the cameras. The 
leader process for 66a was so slow that it was only satisfactorily recorded on one 
of the Boys camera lenses, and this record is reproduced from an intensified 
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Figure 10. 

positive copy in Figure 11, with a sketch diagram to scale in Figure 12. The clarity 
of the record of the main stroke has been unavoidably spoilt in intensification and 
the original picture is therefore shown in Figure 11 as an inset. 

In studying Figures 11 and 12 it must be remembered that the lens motion was 
from right to left, and that the time is measured by displacement along the circular 
arc traversed by the ray through the centre of the lens, so that the illumination of 
a point at the top of the channel, for example, is to be found at various times along 



the arc a A. The leader began at a and ended below e at a time 00221 s later. The 
trunk of the leader channel followed the same course as the subsequent rapid main 
portion of the discharge (FDCBA) but in the opposite direction, and this co"" 6 - 
owing to frequent pauses, was recorded by the moving lens along abode. A branch 
developed from the leader at its starting-point a and extended in the same channel 
as that subsequently, brightly and rapidly, followed by the main stroke from A. 
Similarly at b, c, and d, the leader steps separate out to form the branches B, C, D. 
The last stages of the development of the leader trunk are visible at e, where it 
reaches to within 5 1 m of the ground in its penultimate step. 

The leader reaches the ends of the upper branches A and B some 800 ps before 
the main stroke arrives there, and so appears to cease to develop these branches 
some time before reaching the ground. Branches C and D, however, were still being 
pushed outwards by the leader at the time it reached the ground, and the leader 
steps for these two were caught up by the rapid upward-moving main stroke. 

In this picture the streamers extending from the cloud-base downwards are just 
visible in certain of the stronger steps and then towards their lower ends only. 
Higher up they become wider and too faint to be distinguished from the general 

background. 

Comparison of the two Boys camera records of the return main stroke shows 
that the total time taken by it to pass from F to A was 55 /is. 




Figure 11. 
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Figure 12. 



Flash 76, Figure 13, and Figure 14. took place between cloud and ground at a 
distance of 20 ± 05 km, so close that the upper part of the stroke was slightly 
out of focus for one of the Boys camera lenses and off the film for the other. 
Figure 13(a). The flash, which consisted of a single stroke, was recorded on process 
film, the fine grain of which enabled a valuable record of the details of the leader 
to be obtained. These details are very clear in the lower half of the picture, which 
has been enlarged and intensified for Figure 13 (6) and is sketched to scale in 
Figure 14. 

The leader trunk follows the course abedefg corresponding to ABCDEF1I on the 
rapid return stroke. The lens movement in Figures 13 and 14 was along a circular 
arc from right to left. The leader branched at / to form branch J, and at b to form 
branch B, the subsequent steps of which form a scries arranged along bx, with two 
side-forks developing from them. The details of these side-forks, one of which starts 
at y, have been omitted to avoid confusion. For the same reason only a certain 
number of the bright steps passing from / to r to form branch J have been inserted 
in Figure 14, and their faint streamers have been omitted altogether. 
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Figure 14. 



The last step r of branch J traces out the final section of this branch and the 
rapid return stroke goes no farther than this step. The interval between r and the 
arrival of the return stroke is 18 fis, equal to the time interval determined by the 
Boys method between the start of the return stroke at the base and the end of 
branch J. Thus leader development of branch J ceased at the moment the leader 
trunk hit the ground. 

The details of the leader steps at the end of branch B are more difficult to 
follow, and it would seem as if this branch faltered in its progress before the trunk 
arrived at the ground. 

The streamers which end in these prominent bright tips are, as Figure 13 shows, 
narrower and brighter at their lower ends, and they become difficult to follow as 
one passes upwards from their tips. This effect has not been shown in Figure 14. 
Normally, the luminosity of the bright tips appears to cease abruptly, but the 
penultimate stepg in the leader trunk is exceptional in showing a faint continuation 
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some 30 m long towards the ground. A similar effect, but to a much smaller extent, 
is shown by a few other steps higher up. 

The lengths of the bright tips shown in Figure 13 vary from 36 to > 1 i m. with 
an average value of 24-6 m. The variation in length must of course be due to some 
extent to the effect of motion in the line of s.ght. The time ™"™*%™™£l 
ends of steps and the beginnings of their successors vary from 96 to 16ms, with a 
mean of 52MS- As the streamers approach the ground the step-length * >««*? "•> 
the intervals decrease. Between a and e their average values are 215 m and 63 /is, 
and between e and g they are 270 m and « J* The last interval of a Jl , . t , « only 
16/is and the last step, as already mentioned, is unusually long The effective 
velocity of the leader process is 3-4 X 10' cm/s from a to e, and 6-4 x 10 7 cm/s 
from e to g. 

Other details of these steps are included in the next two sections. 

(b) Summary of details of leader steps 

The following summary contains a list of the main features of the leader steps, 
Quantitative study of some of them being left to the next section. The statements 
made are based on the full material available to us,* and reference is made where 
necessary to Figures 12 and 14 as illustrations. 

(1) Each bright step appears as the termination of a fainter streamer extending 
the whole way down from the starting-point of the discharge, such streamers 
increasing in brightness and decreasing in width as their ends are approached. 

(2) A bright step generally starts a little way back on part of the track formed 
by the previous step, so that the portion of the step which is entirely new is about 
90% of the whole, Figure 14, step after e. 

(3) The form of the channel blazed by a new step is not always followed in 
detail by the streamers of subsequent steps, the tendency being for the smaller 
twists and kinks to be smoothed out. In a few cases the form of the subsequent 
streamer is changed so completely as to suggest that a fork previously existed, the 
fainter branch of which was adopted as the channel in later stages. Figure 14. 
second step after e. . 

(4) A beaded effect at the beginning and end of the bright steps is frequently 
found which in view of its position cannot be due to motion in the line of sight. 

15) Brandling occurs as a division of one step into a fork. Figure 12, c, and 
Figure 14 b and v. the subsequent development of a branch taking place ui steps 
simultaneous with those of the trunk. Short branches and branches near the top of 
the channel, however, may cease to develop some time before the main trunk 
steps have reached the ground. The start of a branch never occurs elsewhere than at 
the beginning of a bright step. 

(6) Fach fresh step takes in general a different direction to its predecessor, and it 
is unusual to find a sharp bend in the course of a single step. The tortuous form of a 
lightning discharge channel thus originates in the different directions taken by 

*iii pet* ssi vt* st i 1 n\ 

(7) The streamers and their tips are generally much brighter in their later stages, 
when they are approaching the ground, than earlier. It is not always possible to 
detect even the tips in the upper portion of the leader. This increase in brightness 
is associated with a considerable increase in effective velocity near to the ground. 

(8) The brightness of the streamers and their tips is found to increase with 
increase in the effective velocity, v (section 6a), of the leader process The three 
cases discussed at length in section la are discharges in which v is higher than the 
average. 

* 24 cases in all. 
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(9) Some hesitancy is occasionaJly shown in the development of both branch and 
trunk steps. Thus the branch which started at e in figure 14 missed three steps and 
then re-blazed the first branch step twice. At the same spot the trunk development 
missed a step and made up for it by an exceptionally long jump the following step. 
Similar cases occur at y and at /in Figure 14, and at the step two below c on branch 
C of Figure 12. 

(c) Velocity of leader streamers 

To determine the velocity of the streamers which make up the leader steps one 
can either use the Boys method of comparing one rotating lens record with the 
other, or compare the track of the streamer, as recorded by one lens, with that of 
the return stroke, whose distortion is easily found by the Boys method. Difficulties, 
however, arise from the limited lengths of streamer tracks available for measurement 
and the lack of sharpness in their leading edges. Such comparisons have not so far 
yielded any evidence of distortion of the streamer track as a result of lens motion, 
and it is concluded from several measurements ihat the streamer velocity exceeds 
5x10" cm/s. 

Definite evidence that the streamers travel downwards is. however, afforded by the 
broadening of the upper part of their tracks. If we take the duration of luminosity, 
/, at a point distant d from the tip as being equal to the time taken for the streamer 
to travel this distance we again obtain, as an upper limit for the velocity, values of 
d/t of the order of 5 x 10 9 cm/s. Unfortunately, the method is too rough to indicate 
whether the streamer velocity varies at different points along the streamer or in 
different streamers. 

The tips of the streamers, which from their sudden cessation of luminosity 
might be expected to show a decrease in velocity, exhibit no distortion due to lens 
motion and have velocities which are certainly greater than 1 9 cm/s. 

(d) Relations between step-length, step-interval, and effective velocity 
It is convenient to denote by / the average length, along the two-dimensional 

record, of thejeader steps, by / the average time interval between steps, so that 
the quantity l/t is an average velocity. If the time occupied in tracing the step-length 
Tis small compared with t, this velocity should be the same as the effective velocity 
v (L/T) with which the stepped leader advances. Comparison of v with /// shows them 
to be identical within the accuracy of measurement, as indeed would follow from 
the high value of the streamer velocity along / found in the preceding section. 

Values of / and t have been obtained with sufficient accuracy from 1 1 first-stroke 
leaders, three cloud-air discharges, and three dart-stepped leaders. The remaining 
seven cases of the stepped process are too poor to give reliable data. The results 
are plotted in Figure IS, which shows the dart-stepped cases with crosses and the 
remainder with circles. The black circles indicate cases where the photography was 
good and the measurements could be made with more accuracy than for the open 
circle cases. It will be seen that while / varies from 10 to 206 m a ratio of 1/20, t 
for the first strokes only alters from 31 to 91 ps. a ratio of 1/3. The larger step- 
lengths are associated with the longer time intervals. The same type of variation in 
the course of a single leader has already been noted for flash 76. 

To a rough first approximation t might be considered as constant, and hence it 
is that when in Figure 16 the values of Tare plotted against those of v, or T)t, the 
points lie fairly well on a straight line through the origin. A better fit, however, is 
obtained in Figure 16 with the dotted line which cuts the horizontal axis at 
v= 1 x 10 7 cm/s, a value for which, as will be shown later, there is theoretical 
justification. From this line it follows that the relation between Tand t is 
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t = 80 l/(T+ 800), where the units are microseconds and centimetres. The curve of 
Figure 15 has been drawn from this equation. _ 

The corresponding relation between r and v is t = 80 (u - 10 7 )/i>, where the 
units are microseconds and centimetres per second. 
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Extracts from Progressive lightning 
Part IV— The discharge mechanism 

B. F. J. SCHONLAND* 



In three previous papers (Schonland and Collens, 1934; Schonland, Malan and 
Collens, 1935; Malan and Collens, 1937) in this series, the writer and his collaborators 
have described the results of a study of the lightning discharge to ground by means 
of the Boys and other cameras. During the last two years these studies have been 
continued with improved instruments, and the electrical changes taking place during 
the discharge have been examined by means of a cathode-ray oscillograph. An 
account of some important results obtained by the latter method has recently been 
published by Appleton and Chapman (1937). These are confirmed and extended by 
our own later investigations. 

With this fuller information it is now possible to put forward some deductions as 
to the discharge mechanism. 

1 . The polarity of individual strokes to ground 

In all cases so far examined by the photographic method the lightning discharge 
between a thundercloud and the ground starts from the cloud as a leader streamer 
travelling downwards. The circumstances governing the propagation of such a 
streamer are known from gas-discharge theory to depend upon whether it starts 
from a cathode or an anode. It is therefore necessary at the outset of any discussion 
of the discharge mechanism to determine the polarity of the cloud end of a light 
stroke. 

As a result of numerous observations in many parts of the world it is now 
generally accepted that the total charge conveyed to ground in the great majority 
of discharges is negative. This would seem to indicate that the polarity of the dis- 
charge is in general such as to make the cloud end a cathode. It has, however, never 
been established that this conclusion holds in detail for each of the component 
strokes which make up a discharge. Indeed Norinder (1936) has reported that 
observations made with a cathode-ray oscillograph in Sweden show that a positive 
discharge stroke is sometimes followed by a number of negative ones. 

For the South African lightning discharges which have been studied photo- 
graphically, however, the conclusion suggested by previous studies of the nett 
change of field (Schonland, 1928; Halliday, 1932), that the discharge proceeds from 
a cloud cathode, has now been established for each separate stroke of a composite 

* Reproduced from Proceedings of the Royal Society. A 1 64, 132, (1938) by permission of 
The Council of the Royal Society, London. 
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flash to ground. Seventy such flashes comprising some 300 separate strokes to 
ground have been examined with a cathode-ray oscillograph whose resolving power 
extends to 50 us. All the strokes of each flash were recorded photographically and 
in each case the field changes pointed unambiguously to the slow lowering and 
sudden destruction of a negative cloud charge 



2. General survey of the discharge process 

Each of the successive strokes or partial discharges which make up a complete 
lightning discharge to ground takes place in two stages, the downward-moving 
leader stage being followed by an upward-moving return stage. These processes will 
be described as the leader and the return streamer, since they have the same 
properties as electrical streamers produced in the laboratory. Such a streamer is a 
conducting filament of ionized gas which extends its length by virtue of ionizing 
processes occurring in the strong field in front of its tip. It is electrically charged 
throughout its length* but is not at the same potential as the electrode from which 
it started, for there is a drop of potential along it. This drop of potential provides 
a field which drives a current through the stem of the streamer and this current 
serves to charge up newly formed sections of the stem to the potential necessary 
for further progress. The current continues at the tip of the streamer as a convection 
current due to the charge situated there and beyond the tip as a displacement 
current (section 7). Light is emitted by the streamer as a result of excitation 
processes at the tip (section 8). Apart from this the luminosity associated with the 
streamer is small and it can therefore be inferred that the field in the stem behind 
the tip is insufficient to cause excitation by electron impact. 

It follows from section 1 that all leader streamers observed by us are negative or 
cathode streamers, and all return streamers are positive or anode streamers. The 
leader process in the case of strokes subsequent to the first is a continuous one and 
will be termed the dart streamer. That for the first stroke proceeds in a series of 
steps, each step requiring the development of a new step streamer. 
The leader streamer of the first stroke lowers negative charge into the air and 
distributes it* over the conducting system formed by the leader channel and its 
branches in the manner shown in Figure 1(a). It was suggested from the photo- 
graphic studies (Schonland, Malan and Collens, 1935, p. 622) that this charge 
represented a considerable fraction of that tapped by the leader. This is confirmed 
by observations of the electrical field change, for Appleton and Chapman ( 1 937) 
report that the leader or 'a stage observed by them causes a considerable change 
of the thundercloud moment. Our own oscillographic records show that the first 
leader lowers into the air about 85% of the total charge tapped by it. 

Our observations also show that in the case of strokes after the first the fraction 
of the charge lowered is much less than in the first leader. This is to be explained 
by the fact that these leaders do not usually have branches. The leader system has 
therefore a smaller capacity and is less effective in lowering charge from the cloud. 

The second or return stage of the discharge is initiated just before the arrival of 
one of the leader branches at the ground, by the upward passage of positive 
streamers from the earth. These streamers have been photographed (McEachron 
and McMorris, 1937), and the frequent presence of more than one can be inferred 
from the root branching shown at the base of many lightning channels (Schonland, 
Malan and Collens, 1935, p. 602). This stage is shown in Figure 1(b). 

* These statements, like others in this section, follow what appears to be the accepted and 
correct view as to streamer development, which it is intended to discuss more fully elsewhere. 
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Figure I. 

Once contact is established between leader and earth, the positive return streamer 
passes rapidly up the leader channel. Such a streamer, as was first shown by Simpson 
(1926), must advance by drawing electrons, produced as a result of collision 
processes in front of its tip, inwards to the tip and passing them down to ground 
via its conducting stem. The relatively immobile positive ions left in front of the 
tip are then responsible for its rapid extension. This stage is shown in Figure 1(c). 
The change of electric moment in this stage of the discharge is large and rapid. Its 
identification by Appleton and Chapman with the second '/>', stage of the field 
change record is supported by our own observations. 

The last portion of the return stroke process involves the removal and passage 
down the channel of the residual charge on the cloud centre tapped by the stroke. 
This stage, which is shown photographically by a continuance of channel luminosity 
after the return streamer has entered the cloud and which is of comparatively long 
duration, may be identified with part of the final or 'c' portion of the field-change 
record. 

It is implied in this description of the discharge process that separate strokes tap 
different centres of charge within the same thundercloud, a suggestion based upon 
evidence discussed in section 10. The general nature of the discharge process for a 
second stroke from a new charge centre is illustrated in Figures 1(d), (e) and (/). 

3. The leader process 

The difference in the behaviour of leaders to first and to subsequent strokes implies 
a vital difference in the mechanism of their advance. The dart streamer invariably 
follows the path traced out by a previous stroke, even to shifting its track laterally 
if a wind has blown this path aside (Schonland, 1 937). This and other features 
connected with its velocity under different conditions (section 4) indicate that its 
mechanism is that of streamer advance along a previously ionized channel, which is 
further discussed in section 4. 



The stepped leader, on the other hand, is characteristic of «»«»« "j*.**" 1 IS 
apparently virgin, unionized air and involves a different mechanLsm. Associated 
with it are two velocities, for while the step streamers advance a more than 
1 0' cm/s, the effective velocity of the process as a whole is much lower^ most 
freauently only 1 -5 x 10 7 cm/s. It has never been observed to fall below 
1 xl o' cm/s. though much lower values would not have escaped , =«>ser™t.on . 
This minimum velocity in the step process is an important clue to the mechanism 
Evolved in it, for it can be shown that there is strong V™**™™*™"*" * 
is the real velocity of a preliminary streamer which ?"<*?« * est «P ft l^wo 

A negative streamer can be imagined to advance into virgin air in one o f two 
ways, as a result of ionization produced either by electrons situated in . ; tip .or Jb-y 
photoelectrons generated in front of its tip. In either case a lower limit tc streamer 
velocity is set by the existence of a critical field strength, E c in front of the tip 
be ow which ionization by electron impact cannot occur. The •corresponding rt.cal 
electron drift velocity, v, must be the minimum velocity of advance of a negative 
Seamer, sSce the streamer as a whole cannot move more slowly than the ionizing 
agents which produce its extension (Schonland, 1935, Goodlet, 1937). 
It is usual to write the relation between v c and t c in the form 

v c =yJ(2E c e\litm) 

where, following To wnsend, the assumption is made that every collision between 
electron and gas molecule is inelastic. Since E c x X is known to be sensib y 
independent of pressure between 54 cm Hg (the mean pressure "Solved in these 
discharges) and 76 cm, we substitute E c = 30M0 V/cm and X = 3-8 x 10 * cm 
the gas kinetic electron mean free path at 20°C and 76 cm Hg, and find for the 
critical velocity, v r , the value 3-6 x 10 7 cm/s. 

Two factors combine to make this result too high. In the first place it is known 
that for nitrogen the value chosen for X is too large by a factor ranging , rorr ,0-8 
,o 0-3 according to the velocity with which the electrons are moving (Klempercr 
1933 p 290). Secondly, the assumption that all collisions are inelastic when the 
imiting velocity is approached cannot be correct. For ^^flffiZ " 
value of v e is found to be less than that given above by the factor V(* m/JAO 
(Compton and Langmuir, 1930, p. 221) or 008, m being the mass of the electron 
and M that of an -air' molecule. Applying the ^ c orrertioni, c cannot exceed 
1 -8 x 10 7 cm/s, whfle from the second argument it cannot be less than 14x10 cm/s. 
It is difficult to see how any closer approximation to v c can be obtained. 

The observed minimum effective velocity of the stepped leader P^s, 
1-0 x 10 7 cm/s, will here be identified with u c , the minimum velocity °f advance 
of an actual negative streamer. This identification is supporte d by the o^ ^rvat.ons 
made by Allibone and the writer upon negative leaders in the > abo " t0 ^ ^ k 
discharge which appear, as Goodlet has recently pointed out (1937), to show a 
similar minimum velocity of the order of 1 • 5 x 1 cm/s. 

The present suggestion is equivalent to the statement that a true negative virgin 
air treamer travels continuously downwards in front of the step <^JZ°™~ 
with a velocity equal to the effective velocity of these. Upon this, so far unrecorded, 
TreaLr the s^eps are periodically superimposed. It follows that the step streamers, 
like the dart streamers of subsequent strokes, travel along a previously ionized 
channel provided by this slower pilot streamer which precedes them. 

« The existence ofa minimum velocity of this order for negative *"^^""» 
additional criterion of polarity. The minimum for posits steamers, if it cx.su. «JJ«, 
for the writer has recently photographed such streamers with a velocity of 1-6 x 10 cm/s. 
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The suggestion finds immediate support in the relation which has been found 
to exist between the time of pause of a step streamer, t, and the length of the step, 
/, which is executed after this pause (Schonland, Malan andCollens, 1935, p. 616). 
For each individual case the ratio l/t is equal to the effective velocity at this stage 
of the process, that is lo the velocity of the suggested pilot streamer. If t is long the 
subsequent step / is long and vice versa. The steps thus retrace and brightly 
illuminate an ionized channel formed during the pause period and cease when they 
have caught up with the tip of the pilot streamer. During the following pause, the 
origin of which is discussed in section 6, the pilot streamer once more forges ahead. 
Figure 2 illustrates what would be observed on a camera with a fixed lens and a 
film moving from right to left if the pilot streamer, shown as a dotted line, could be 
recorded as well as the step streamers which follow it. An explanation of the 
small luminosity associated with this pilot and the consequent difficulty of 
recording it photographically or by the field-change method is given section 8. 
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Figure 2. 



It is possible in this way to offer a simple explanation of the tortuous nature 
and branching of the first leader channel. In the majority of cases the effective or 
pilot velocity of the process is less than 1-5 x 10 7 cm/s, not very far from the 
critical minimum of 10 7 cm/s below which it cannot progress at all. Its direction 
will therefore be controlled by the structure of the electric field in the neighbour- 
hood of the pilot streamer tip and by variations in the density of local space charge. 

It may be noted that a stepped method of development in the case of Lichten- 
berg figures from a negative point has been inferred by v. Hippel (1933, 1934) under 
certain experimental conditions and has been interpreted by him in terms of a 
pause during which a pilot streamer (vorentladung) moves ahead of the main spark 
channel. A similar mechanism was proposed by Toepler (1926) to account for 
beaded lightning (perbchnurblitz). 

So far the discussion has been limited to the case of pilot streamers travelling 
with the minimum observed velocity. Before it is possible to refer to the behaviour 
of such streamers at higher velocities it is necessary to consider the effect which 
photoionization will have upon its development in fields greater than the critical 
value E c . This question is also involved in the mechanism of all streamers travelling 
along a previously ionized path. In the case of the lightning discharge there are 
three such types of streamer-the dart leader streamer to subsequent strokes, the 
return streamer to all strokes and, as has been suggested above, the step streamer 
which follows the pilot streamer in first leaders. 
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The pilot streamer in lightning and the 
long spark 

B. F. J. SCHONLAND* 



1 . General information on the pilot streamer 

When the first leader streamer moves down from a thundercloud to earth, the 
breakdown of the air in front of its tip is considered to take place in two stages 
(Schonland, Malan and Collens, 1935; Schonland, 1938). In the first stage, a weakly 
ionized pilot streamer advances with a velocity of from I -5 x 10 7 to 80 x 10 7 cm/s 
over a distance of from 10 to 80 m. The evidence for this streamer (Schonland, 
1938) is indirect, for die streamer has not yet been recorded photographically. In 
the second stage the highly ionized leader, which has been stationary during the 
advance of the pilot, suddenly moves forward and overtakes it in a rapid bright 
step. The velocity of the step exceeds 5 x 10 9 cm/s, so that its duration is of the 
order of a microsecond. On reaching the end of the pilol streamer, the leader stops 
and the pilot moves forward again for a time which usually ranges from 30 to 90 us 
before it is again overtaken by the leader. 

That the same two stages, pilot followed by leader, occur in the breakdown 
development of a very long spark from a negative point was first shown by Allibone 
(1948). The pilot stage was found by him to be a corona streamer of large radius 
containing many fine filaments, so fainl that it was best recorded by a Lichtenburg- 
figure technique. This streamer extended across the whole of the gap and into it 
developed subsequent narrow leader streamers from both electrodes. When these 
electrodes were rods, the ratio of gap-width to corona-streamer radius lay between 
1 2 and 20. If the anode was an earthed plane, the divergence of the field caused 
the ratio to fall at the anode end to about 3. 

Direct photography of this pilot streamer in the case of an impulsive 3 M V dis- 
charge has been achieved by Ilagenguth, Rohlfs and Degnan (1951) using a quartz 
lens. The gap width was 5 m between rod electrodes and the radius of the pilot 
streamer 31 cm, a ratio of 16/1 . From the records of current in the earth-lead and 
of potential variations at the cathode it can be estimated that the velocity of the 

• Reproduced from Proceedings of the Royal Society, A220, 25, (1953) by permission of 
The Council of the Royal Society. London. 



pilot streamer was 3 x 10 7 cm/s. The average field strength across the gap before 
discharge and hence the average gradient at the moment the pilot streamer crossed 
the gap was 6 x 10 3 V/cm. 

Gaunt and Craggs (1951) have reported similar results for the long spark from a 
positive point at some 37 kV with reference to an earthed plate. The average 
gradient in air was 60 x 10 3 V/cm. In nitrogen the ratio of gap width to radius was 
approximately 6/1 . In air the radius appears to contract, but mention is made of 
a 'continuous luminous background'. Gaunt and Craggs found from direct measure- 
ment with photo-multipliers that the luminosity travelled across the gap with a 
velocity of approximately 10 x 10 7 cm/s. From general indirect evidence they 
concluded that the current density in this streamer was low compared with that 
in the narrow streamers of electron-avalanche type. 

The purpose of this paper is to establish quantitatively the identity of the pilot 
processes in lightning and in the long spark and to make certain deductions from 
this identity. From these a new explanation of the stepped process is derived. 

2. The continuity of the current in leader and pilot streamers 
Since the publication of the first studies, photographic and electrical, of the stepped 
leader a further and important piece of information about it has become available. 
This is the observation of Chapman (1939), confirmed by Malan and Schonland 
(1947). that there is no observable stepped electrostatic field change during the 
downward course of a nearby stepped leader. Dr D. J. Malan and Mr N. D. Clarence 
have recently made a special investigation of this point at my request and find that 
the step electrostatic field changes are of magnitude less than 1/10 of the con- 
tinuous field changes in the intervals between the steps. 

It follows that the fast bright step does not carry with it in one large pulsation 
the charge needed to create the next section of the leader, but that the transport 
of charge is a continuous process, proceeding without important interruption during 
the whole time of advance of the pilot streamer. The pilot streamer must therefore 
carry an excess negative charge in its stem. 

That this is a reasonable deduction can be seen by considering the current which 
the bright step would have to carry if the pilot were not charged. The charge Q' on 
a step of 20 m in length is 20/(5 x 10 3 ) of the total charge on a leader 5 km long. 
Q, as will be shown in the next section, is at least 4 C, hence Q' > 0016 C. For this 
to be carried forward in less than 1 fis would require a current exceeding 16 000 A. 
The luminosity of the step process is far too weak to make it likely that the step 
carries a current of this magnitude. 

The absence of any appreciable electrostatic field change due to the rapid steps 
of the leader is not inconsistent with the considerable radiation field produced by 
them, for the radiation field depends upon the rate of change of the current and 
not on the current itself. 

Records of the waveform of atmospherics enable a comparison to be made of 
the average amplitude of the step-radiation pulses from a leader and of the 
radiation pulse due to the start of the return streamer. Professor D. B. Hodges, 
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who has recently made the necessary measurements in this Institute, finds that the 
ratio of these two amplitudes lies between 1/20 and 1/10. Since this ratio is the 
same as that of di/dt for the average step and for the return streamer, and since the 
latter is known from records of the time variation of the current in direct strokes 
to towers to have a most frequent value of 10 kA//xs (Hagenguth and Anderson, 
1952, table III), di/dt for the average step must be less than 1 kA//is. A step of 
duration 1 us thus involves a current change of less than 1000 A, which would be a 
reasonable value to account for the luminosity observed. It would involve the 
transport of less than 0001 C in the step process, which is less than 1/16 of that 
already carried forward by the pilot. Thus the electrostatic field change due to the 
step would be difficult to detect, though its radiation field change would be quite 
significant. 

The results reported above would seem to invalidate all 'sudden pulsation' 
explanations of the stepped leader such as those of Szpor (1942) and Komelkov 
(19S0), both of which treat the leader channel as a relaxation oscillator, and that 
of Bruce (1944), which requires a glow-arc transition in the pilot channel. The 
results also offer further evidence of the actual existence of the pilot streamer. 

3. The charge per unit length of leader and pilot and the current carried by them 
Before the step process can be examined quantitatively, an estimate must be made 
of the charge q carried on unit length of both pilot and leader. It has been shown 
by Schonland, Hodges and Collens (1938) that the total charge Q on the first 
leader when it has extended its full length L to the ground is approximately 60% 
of the charge originally present on the section of the cloud which is tapped by it. 
From the measurements of Wilson (1921) and others, the total charge disposed of 
in one flash is known with some certainty to have a modal value of 20 C. Since the 
most frequent number of separate strokes is three, Q «= 20 x 0-6/3 or 4 C. 

The average height of the region in the cloud which is tapped by these first 
leaders is 3-5 km above the ground (Malan and Schonland, 1951). Allowing 30% 
for the tortuous nature of the channel, the modal value of L may be taken as 5 km. 

The quantity q may therefore be estimated to be 8 x 10" 6 C/cm or 2 4 x 10 4 
e.s.u./cm. 

The modal value of the time 7" taken by a first leader to reach the ground is 
known from many records of leader field changes obtained by Dr D. J. Malan and 
the writer in Johannesburg to be 00 125 s. Hence the leader current / = Q/7"has a 
most frequent value of 320 A. This is in satisfactory agreement with direct 
observations by McEachron (1939) of the current in upward-moving stepped 
leaders, both positive and negative, which ranges from 50 to 650 A. 

The most frequent value of the pilot velocity is 4 x 10 7 cm/s. The step length 
corresponding to this velocity is about 20 m (Schonland et al. , 1 935). 

4. The radius of the leader and pilot streamers 

Three separate general arguments show that the lightning pilot and the leader 
behind it must have a radius of several metres. 



(a) Since the current /, apart from a temporary burst during the step itself, is 
continuous from leader to pilot, it can be written 1 = qv = \Xvr, when v is the 
velocity of the pilot, X the field in front of its tip and r its radius. The first of 
these expressions for /states that each centimetre of the developing pilot requires 
the supply of a negative charge q. The second expression is that given by Rudenberg 
(1930) for the displacement current in front of the moving streamer tip, corrected 
for an error in the numerical coefficient. Thus 



r = 2q/X 



(1) 



For a given value of q, the maximum possible value of r is reached when 
X - 3 x 10 4 V/cm, which is well known to be the minimum field for streamer 
advance. Substituting 24 x 10 4 e.s.u./cm for q and 100 e.s.u. for X in equation (1), 
r max = 4-8 m. In this minimum field, v would be about 1-0 x 10 7 cm/s (Schonland, 

1938). 

The most frequently observed value of v for the pilot process is, however, 
40 x 10 7 cm/s, and to find the corresponding value of r requires consideration of 
the manner in which v varies with X. If the advance of the pilot streamer is due 
solely to direct collisional ionization by electrons drifting in the field X with 
velocity v ', well-known expressions for v show that when it is 4 x 10 7 cm/s, X 
must be about 2 x 10 s V/cm with an uncertainty factor of 2 or 3 (Loeb and Meek, 
1 94 1 , p. 44). There is, however, much evidence that photons emitted by excited 
molecules create ionization in front of the drifting electrons, and hence that the 
velocity v for a given X is greater than v' (Cravalh and Loeb, 1935; Schonland, 
1938). Thus X must be less than the value required to make v = v , though exactly 
how much less is uncertain. To get an estimate of r, we will adopt the factor 3 given 
by Loeb and Meek and thus substitute X = 200 e .s.u. (6 x 1 4 V/cm) in equation 
(1). The radius of the pilot streamer is then found to be 2-4 m. 

(b) Although the channel of the lightning leader behind the step portion carries 
a large current, its luminosity is found to be very weak. The channel is observed to 
retain its conductivity, without rejuvenation by new ionizing processes, for as long 
as 0-0125 s, the average time the leader takes to reach the ground. These facts 
indicate that the leader channel is thermally ionized and has arc characteristics. It 
must be regarded as a good conductor, and its channel radius must be such that 
the field at its surface is everywhere less than that which would give rise to corona, 
for otherwise it would enlarge its radius still further. 

This argument, which was first put forward by Goodlet (1937), requires that 
2q/r =s 100 e.s.u., from which the radius of the leader channel (for q = 2-4 x 10 4 
e. s.u ./cm) is found to be 4-8 m, of the same order as that derived in (a) for the pilot 
channel. 

This conclusion is strongly supported by observations of the spark-leader channel 
made by Komelkov (1947), who has shown that it exhibits two sharply defined 
zones: an internal leader core of relatively small diameter (0-2 cm) but intense 
luminosity, and an outer 'streamer' or 'corona' zone of radius much greater than 
that of the leader channel, but much weaker in luminosity. He found the longi- 
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tudinal field in the leader core to be about 55 V/cm and showed that the radial 
field at the surface of Uic outer corona zone was 3 x 1 4 V/cm. 

(c) The observations that the conducting leader streamer periodically remains 
stationary for a time of the order of 50 ps can be interpreted a priori in three ways: 

(i) in terms of a periodic failure of the cloud charge to supply current to the 
leader. 

(ii) in terms of a periodic loss of conductivity by. the leader channel behind its 
tip, and 

(iii) in terms of a periodic decrease of the field in front of the leader tip below 
the value at which it can advance at all. 

On further examination the first of these explanations is rendered unlikely by 
the regularity of the phenomenon and is difficult to accept now that it is known 
that the region of the cloud tapped by the leader has been converted into a good 
conductor by the/ process which precedes the emergence of the leader (Malan and 
Schonland, 1951). Furthermore, although this/ process is repeated in successive 
leaders, the step phenomenon is observed for the first leader only. 

The second explanation is ruled out by the conclusion in (b) above that the 
channel is thermally ionized. Thus the only explanation which remains is that the 
field in front of the leader tip is periodically insufficient to enable it to advance in 
the form of a thermally ionized channel, though it is always great enough to 
permit the development of the pilot streamer. 

The lowest value of the electric field which will permit the advance of any 
streamer at all is 3 x 10 4 V/cm. For the advance of a thermally ionized streamer 
the field must certainly be greater than this but not necessarily very much greater, 
since the probabilities of collisional ionization and of excitation increase very 
rapidly with field strengths greater than 3 x 10 4 V/cm. For the leader itself to be 
arrested it is therefore reasonable to suppose that the field strength X in front of 
its tip must be less than 6 x 10 4 V/cm. Since the starting out of the pilot requires 
X>3x 10 4 V/cm. X must lie between these two limits. From this conclusion the 
value of r may be estimated. X is mainly due to the charge on the hemispherical 
tip of the leader; the contribution from the farther charge on the channel behind 
the tip can be ignored for approximate calculation. As .•/ is the charge per unit 
length, the charge on the tip is qr and the charge per unit area on it is q/lirr. Thus 
X ss 2q/r and r « 2q/X. Since q = 2-4x 10 4 e.s.u. and X is between 100 and 200 
e.s.u„ r must lie between 2-4 and 4-8 m. 

These three arguments indicate that r for both pilot and leader is not far from 
2-5 m, and this value will be adopted in subsequent discussion. 

Direct measurement of the diameters of steps photographed on fast-moving 
cameras support this conclusion. From those photographic records which seem to 
be quite free from halation errors and for which the discharge was sufficiently near. 
I find values for r ranging from 05 to 5 m. Smaller values are not observed on any 
records. The rapid movement of the camera lens does not appear to have given the 
steps a false diameter, for the results are the same whether the lens moves at right 
angles, or parallel, to the steps. 
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These large values of r do not conflict with the observation (Schonland. 1937) 
that the radius of the channel of the return stroke is about 8 cm. The return 
streamer carries an average current of 30 000 A, 100 times as great as that in the 
first leader, and in consequence it must be powerfully constricted by its own 
magnetic field. 

The intense light emitted by the narrow return streamer is no doubt the reason 
why the large diameter of the first leader has so far escaped observation. There is, 
however, evidence of such large diameters in at least one photograph by Larsen 
of a close air discharge (Abbot, 1934) and in records of beaded lightning. Toepler 
(quoted in Gockel, 1925) has reported beads in Perlschnurblitz which were 3-7 m 
in diameter. 

Writers on the mechanism of the step process who have regarded the pilot 
streamer as a single electron avalanche have supposed its tip radius to be a centi- 
metre or less (Schonland, 1938; Meek, 1939; Loeb and Meek, 1941). A radius of 
this order for the pilot streamer and hence for the leader tip behind it must be 
considered impossible now that it is clear that the leader tip is at a potential of 
between 10 7 and 10 8 V. The fields in front of the tip would be so large (10 7 to 
10 V/cm) as to make its periodic arrest inconceivable. 



5. Current density in pilot streamers 

With / = 320 A and r = 2 5 m, the current density in the lightning pilot streamer 
is 1-6 x 10~ 3 A/cm 2 . The corresponding quantity in the long spark can be obtained 
from the results of Hagenguth el al. (1951). In their observations the current was 
recorded in the grounded lead to the anode of the gap. As the cathode pilot 
streamer approached this electrode the current was observed to rise to a peak of 
1-5 A in one instance and 5-6 A in another. 

This method of observation does not give the full current in the approaching 
pilot streamer except at, or just before, the moment at which it makes contact with 
the anode. It will therefore be assumed that the peak current observed corresponds 
to the continuous current / in the moving pilot streamer, though as Hagenguth has 
pointed out there is no way of distinguishing between the peak due to the pilot 
and that due to the immediately following leader streamer from the anode. 

Taking / as the mean of the two observations quoted above, 3-55 A, and the 
observed radius of the pilot streamer, 30 cm, the mean current density becomes 
114 x 10~ 3 A/cm 2 . This is in satisfactory agreement with the value 16 x 10~ 3 A/cm 2 
found above for the lightning pilot streamer. 



6. Comparison of parameters of the pilot streamer in lightning and the long spark 
The values of three parameters of the lightning pilot streamer, its velocity, its 
current density and the ratio of its length to its radius are compared with corre- 
sponding quantities for the pilot streamer of the long spark in the first three 
horizontal columns of Table 1. 
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1 


2 


3 


4 


5 


Parameter 


Lightning 


Spark 


Reference 


Remarks 


velocity (cm/s) 


1-5 x 10' 
to 


30 x 10' 


Hagcnguth et aL (1951) 


calculated by 
present writer 




80 x 10' 


10 x 10' 


Gaunt and Craggs (1951) 


positive streamer 
only 


current density 


1-6 x 10° 


114 x 10° 


Hagcnguth etal. (1951) 


calculated by 


(A/cm J ) 








present writer 


gap or step 


8 


10 


AUibonc(1948) 




length/radius 




15 


Hagcnguth etal. (1951) 








6 


Gaunt and Craggs (1951) 


positive streamer 
in nitrogen 


average field 
strength across 




6 


Hagcnguth et al. (1951) 


positive streamer 




o 


Uiiuni aiiii UuggS 1 i O I ) 


gap (kV/cm) 




6 to 12 


Komelkov (1947) 


in nitrogen 



The agreement in columns 2 and 3 is close enough for it to be concluded that 
the streamer is of the same nature and produced by the same mechanism in both 
lightning and the long spark. 

The long spark, as shown in the last horizontal group of Table 1 involves a 
further parameter, the average field strength (X) which exists across the gap before 
breakdown takes place. When X is less than 6 kV/cm observation shows that 
breakdown fails to occur, because, although a streamer sets out from the electrode, 
it is unable to cross the gap. There are thus two field strength conditions for the 
advance of a spark pilot streamer; the first is that the field strength in front of its 
lip must exceed 30 kV/cm, the second is that the mean field inside its channel must 
exceed 6 kV/cm. 

The reason for the second condition is to be sought in electron-capture processes 
taking place in the channel, which are further discussed in section 10. If a streamer 
is to advance, its channel must carry current mainly through the agency of free 
electrons. The existence of a lower limit for Vindicates that in an electric field of 
strength below this limit, free electrons are rapidly removed by capture, and as a 
result most of the channel current ceases and the streamer stops. 

Applied to the lightning pilot streamer this means that when at any point in its 
channel the field strength falls below a value of the order of 6 kV/cm, the progress 
of the pilot streamer is arrested. This leads (section 9) to the development of positive 
space charge in front of the leader and the production of a fast step streamer which 
overtakes the pilot and converts it into a good conductor. It will be shown in the 
next section that the step length calculated from this argument is in satisfactory 
agreement with observation. 

7. The length of a step in the lightning leader process 

The step length may be calculated in the following way. The pilot streamer 

advances by virtue of ionizing processes at its tip, made possible by a field of some 



3 x 10 4 V/cm (section 4(c)). In so doing it establishes in front of the tip of the 
arrested leader a cylindrical region of negative charge of radius r and charge q per 
unit length. After the pilot has moved forward over a certain distance, this pilot 
charge reduces the field at the starting point of its own channel to 6 kV/cm (20e.s.u.). 
At this stage the supply of current needed for its further advance is considered to 
cease. After a short interval needed to establish positive electrode space charge, the 
leader rapidly overtakes the pilot and once more comes to rest (section 9). 

From the evidence discussed in section 2 it follows that to a first approximation 
leader and pilot carry the same charge q on each unit length. For this reason, 
although leader and pilot have very different conductivities, electrical image effects 
at their junction at A in Figure I can be ignored. In Figure I , ABCD is the temporarily 
arrested leader and At' the pilot streamer. The pilot has travelled a distance / by 
virtue of the field in front off, which is of the order of 1 00 e.s.u. Both leader and 
pilot will be supposed to have the same radius r, an assumption which will be 
examined later. At any point P between A and E the forwardly directed (negative) 
field in the channel of the pilot is the resultant of a forward field due to the charge 
to the left of P and a backward field due to that to the right of />. The channel field 
is thus smallest at A. Applying the conclusions of section 6, the condition for the 
cessation of current flow into the pilot is 



X A < 20 e.s.u. 



(2) 



The simplest way to express X A in terms of/ is to assume that the cross-sectional 
distribution of the charge q per unit length is the same for both leader and pilot. 



I 



n I 
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Figure 1. 
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Since / >r any other distribution will give approximately the same result. With this 
assumption, it is clear from Figure 1 that the value of X A must be the same as that 
of the axial field which would be produced by the leader alone at a distance / in front 
of its tip, that is, if the pilot were absent and the leader tip moved back from A to B, 

The axial field at a distance / in front of B is made up of two forward components, 
X A from the charge on the hemisphere £Cand X A " from the charge on the leader 
channel extending back from C to a great distance, so great that it may be taken 
as infinity . When / > r the values of both these components become independent of 
the manner in which the charge q is distributed over the cross-section of the channel, 
and it is easily shown that X A ' is then equal to qr/l 2 and X A " to q/1 + r. 

Equation (2) can therefore be written approximately 

qr/l 2 +<7// + r<20. (3) 

If q = 2-4 x 10 4 e.s.u./cm and/-= 25 m, this equation is satisfied if / > 12-5 m. Thus 
current in the pilot channel at A will cease to flow when AK has extended 1 2-5 m. 
It will be shown in section 9 that although current supply at A now ceases, the 
pilot tip E moves forward a further 1 -2 m before it is overtaken by the bright step 
streamer from A. Since this step streamer will travel from the surface FAG of the 
leader tip, the minimum total length illuminated in the step will be 

12-5 + 2-5 + 1-2= 16-2 m. 

This result is in reasonable agreement with the value of 20 m which is observed. 

Fast camera photographs have shown that each new step streamer appears to 
re-illuminate about 10% of the length of the previous step (Schonland et al. , 1935). 
This observation finds a ready explanation in that the new step starts from FGA 
and must therefore appear to re-illuminate a fraction r/l or 1 3% of the previous 
step. 

It has now to be shown that the radius r of the pilot streamer is not likely to be 
appreciably different from that of the leader channel behind it. From section 4(a), 
I = qv = \Xvr, and hence r = 2q/X. From this it follows that unless the charge per 
unit length of the streamer increases, which means an increase in current, an increase 
in r can only be achieved by a decrease in X. If this decrease is progressive it will 
lead to a momentary stoppage of the pilot, after which it will proceed with its 
original radius. An increase in current, on the other hand, will involve an increased 
fall of potential along the pilot channel, reduce X, and again stop the pilot. Thusr 
may be expected to be stabilized at the value with which the streamer begins its 
development. 



8. The effect of pressure upon the step parameters 

The critical value of the channel field X A used in equations (2) and (3) may be 
expected, like similar critical fields in gas discharges, to vary directly as the pressure. 
Thus since, from section 4, r must vary inversely as the pressure to satisfy the 
corona condition, equation (3) shows that / will also vary inversely as the pressure. 
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This effect should show itself in the early stages of the leader, when it is just 
detectable below the base of the cloud, as steps of greater length and larger radius 
than when the leader is near the ground. It is in fact found that the largest values 
of/ and r are observed on the photographic records of stepped air discharges high 
above the ground. 

These large values of / and r are, however, not likely to be due to reduced 
pressures only. There is evidence of considerable positive space charge in the air 
below the base of a thundercloud (Malan, 1953) and the type leader with its 
pronounced branching and long bright steps shows clearly that local enhancements 
of the field guiding the pilot streamer are of considerable importance. The 
expression for X A used on the left-hand side of equation (3) does not take account 
of this effect nor does the value olX A on the right-hand side (20 e.s.u.) allow for a 
pre-existing field due to positive space charge. Since all leader movement takes place 
towards such space charge or towards the electrical image of the leader channel in 
the earth, the 'free-space' calculation of / which has been used in equation (3) must 
be expected to give a value somewhat lower than that usually observed and much 
lower than that found when the leader approaches regions of strong positive space 
charge. 

One of the most striking features of the stepped leader process is the small range 
of variation of the pause time t. which is in effect the duration of the pilot streamer 
stage. This small range of variation of t is found over the whole length of individual 
leaders of type a, which are considered, on the evidence that they branch but little, 
to move in air free from strong concentrations of positive space charge. The same 
small range (30 to 70 /is) is exhibited by the average values of t for different type a 
leaders. Over this range of r, the value of / may vary from 10 to 80 m (Schonland 
et ai, 1935, Figure 15), its larger values occurring in regions of reduced pressure just 
below the cloud. For still larger values of/, up to 200 m, r remains at about 80 ps. 

It is not easy to interpret this small variation of t with /. It can be shown that 
if the pilot tip advances by collisional ionization only so that its velocity v is the 
same as that of electron drift, v ', T which is equal to l/v should vary directly as L 
For v' varies as \/(X\), where X is the electron mean free path and X the field. Since 
X = 2q/r and r « 1 jp, where p is the pressure. X should vary as p for a given value 
oiq. Since X « l/p,i/ should be independent of pressure, and if v = v',t <*/. 

This conclusion, as has been shown, is not borne out by observation. It may be 
that v is not the same as v because photo-ionization plays a considerable part in 
the advance of the pilot. Or it may be that high values of / are due always to 
concentrations of positive space charge in front of the tip (type-/3 leaders) and 
consequent convergence of the tip field X. 

9. The bright step 

The bright step stage of the leader is observed to take less than a microsecond 
over its journey . It travels at more than 50 x 10 9 cm/s, the ionization in the pilot 
channel in front of it enabling it to reach this high velocity. Its starting-point is 
clearly likely to be the tip FAG of the arrested leader (Figure J), for it is only by 
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extending this good conductor that the current of about 1000 A (section 2) needed 
for its advance can be supplied. To move at high speed the step streamer requires a 
Held of at least 3 x 10 4 V/cm in front of its tip. Hence X A must rise in a few 
microseconds from 6 x 10 3 to at least 3 x 10 4 V/cm. The sequence of events which 
may lead to this change in field can be summarized as follows: 

(a) As has been described in section 7, the field in the pilot channel immediately 
in front of A (Figure 1) falls to such a low value (< 20 e.s.u.) that free electrons are 
no longer available to carry current from the leader into the pilot stem. Thus the 
current in the region of A becomes vanishingly small. 

(b) Free electrons still exist in the pilot channel further forward than A and these 
continue their forward drift by virtue of the self-inductive property of the channel. 
This creates positive space charge in front of the arrested leader tip FAG. 

(c) The positive 'electrode' space charge builds up in this way until it has created 
a field in front of FAG which is so large that the leader itself can advance as a fast- 
moving step streamer. This will happen when X A «=3x 10 4 V/cm « 2q/r. The 
positive electrode space charge has then effectively neutralized the backwardly 
directed field from the negatively charged stem AE of the pilot. The total positive 
electrode space charge created in this way is Q = irr 2 X A /4n = far. Since the pilot 
continues to move forward for a time t with velocity v and draws a current qv by 
the drift of electrons away from A , Q = far = qvt. Thus/ = r/2u,or 3-1 us if 

r = 2-5 m and i> = 4 x 10 7 cm/s and the pilot will advance a further distance 
vt = 1-24 m before it is overtaken by the fast step streamer. The electrode space 
charge in front of A does not itself extend over a distance as great as T24 m. The 
density A' of free electrons in the pilot channel is 1 -8 x 10 9 /cm 3 (section 10), and 
the total charge carried on the free electrons present in 1 cm of length i%Nitr 2 e, 
or 1 8 x 10 e.s.u. If the disappearance of free electrons from the channel in front 
of A takes place over a very small length only of AE, the further length required 
for the development of the positive charge Q (3-6 x 10 6 e.s.u.) is 20 cm. 

10. Disappearance of free electrons in the pilot channel 
The pilot streamer in both lightning and in the long spark has been shown in 
section 5 to have a current density /' of about 1-5 x 10~ 3 A/cm 2 . Most of tins 
current must be carried by free electrons drifting in a channel field whose value 
when the pilot is fully extended has been shown to be of the order of 6 x 10 3 V/cm. 
In this field their velocity u is 5 x 10 6 cm/s, and the electron density A' = i/eu is 
l-8x l0 9 /cm 3 . 

Two main capture processes operate upon such electrons, recombination with 
positive ions and the formation by attachment of 2 " ions. The former is important 
only if Nat > 1 , where a = 2 x 10~ 6 and / is the time during which the electrons 
are recombining with positive ions (Meek, 1939). In the pilot-streamer channel of 
lightning, / = 50 us. hence Nat =0T8and loss by recombination is insignificant. 
This must also be true for the spark pilot, in which t is still smaller and N the same. 

That loss by attachment to 2 molecules is an important factor is clearly shown 
by the observation of Gaunt and Craggs (1951) that the pilot streamer from a 
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positive point in nitrogen is very much weakened by the addition of a small per- 
centage of air. In pure oxygen they were not able to detect the streamer at aU, 
though faint glows near the electrodes indicated that it still existed in a much 

enfeebled form. , . . - 

It is unfortunately not possible at present to estimate the magnitude of this form 
of capture loss, since the attachment cross-section found by the earlier electron 
filter and Bailey-Townsend methods is 1000 times larger than that recently 
reported by Biondi and Brown (1949), and no final data are available on its 
variation with field strength. 

Qualitatively, however, it is clear that the effect is an important one and must 
increase with reduced fields acting on the electrons. Since it has been shown in 
section 6 that the critical field inside the channel for the streamer advance to 
continue is 20 e.s.u., it is concluded that this is the field strength below which the 
majority of free electrons have too short a life to be effective carriers of current in 
the pilot streamer process. 

1 1 . The subsequent leader in the long spark 

Long-spark studies with impulse generators show that once the pilot streamer has 
bridged a gap, bright but very narrow branched leaders enter the broad channel of 
the pilot from both electrodes, travelling towards each other until they meet 
(Allibone, 1 938; Hagenguth et al. , 195 1 ). In no instance, however, have the 
diameters of these subsequent leaders been found, as in lightning, to be the same 
as the diameter of the pilot streamer. 

It is possible that the reason for this lies in the arrangements used to supply 
current to the gap. A fast step streamer of the same nature as that observed in 
lightning would require a current / = \Xvr, which, in the case of Hagenguth's 
experiment, would be 5000 A if X = 3 x I0 4 V/cm, v = 5 x 10 9 cm/s and r = 60 cm. 
Since his impulse generator of 3 MV was connected to the rod gap through a 
resistance of 1 530 £2, it could not produce a current of this magnitude without a 
voltage drop which would immediately stop the leader streamer. In many of the 
experiments of Allibone and Meek at atmospheric pressure the series resistance 

was still higher. 

Dr. Allibone has, however, pointed out to me that this explanation would require 
an increase in the width of the leader streamer as the series resistance was reduced, 
an increase which is not observed. 

An alternative explanation, for which there is some supporting evidence, is that 
the longest impulsive spark breakdown studies have so far been carried out in a 
transition region of the mechanism of breakdown. For applied potential differences 
of 1 MV or less, breakdown may be initiated from a negative electrode by the 
narrow avalanche leader only (Raether, 1937; Loeb and Meek, 1941), while for 
p.d.'s of 3 MV or more, the pilot streamer may replace it as the easiest method of 
breakdown. Higher voltages imply longer gaps and longer times during which the 
streamer channel, pilot or avalanche, must maintain its conductivity. As has-been 
indicated in section 10, the pilot streamer, for which N = 10 9 electrons/cm . has 
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an advantage in this respect over the narrow avalanche streamer, for which 
N =* 10 l4 /cm 3 and in which electron depletion by capture will be serious when 
the gap is long. The narrow avalanche is under a further disadvantage, which 
increases with gap length, in that the corona effect from its surface is continually 
robbing its tip of current (Bruce, 1944; Komelkov, 1950). Thus as p.d.'s, gap 
lengths and breakdown durations increase, there will come a stage at which the 
pilot streamer, provided the necessary current is available, can proceed with a lower 
average gradient within its channel than that needed for the channel of the 
avalanche streamer. At this stage it will be the preferred type of breakdown streamer. 

In support of this suggestion, Hagenguth el al. (1951) have shown that a remark- 
able change takes place in the appearance of the breakdown streamer when a 
60-cycle p.d. exceeding 10 6 V is applied to a point-point gap. The corona from the 
high-voltage rod was observed to change at tins critical voltage from a bluish glow 
to a "very strong' streamer discharge which could be observed to advance al least 
half-way across the gap. Corresponding to this change in the appearance of the 
preliminary breakdown process, there set in what they describe as a radical change 
in average breakdown gradient, from 5 x 10 3 V/cm at 10 ft spacing to 3-3 x 10 3 V/cm 
at 20-8 ft. 

From this discussion it would seem reasonable to conclude that the mechanism 
of long-spark breakdown between 10 6 and 3 x 10 6 V lies in a transition zone 
between the electron avalanche and the pilot streamer processes, and that this is 
the chief reason why when the pilot is observed the subsequent leader does not 
have a large diameter. 

1 2. Stepped-leader effects in the spark discharge 

The interesting stepped leader effects observed in the spark discharge by Allibone 
and Meek (1938) when the series resistance was raised to about I0 6 ft do not seem 
to correspond in any way with the steps observed in lightning leaders. They have a 
low velocity (8 x 10 6 to 15 x I0 7 cm/s), and there is no evidence that they are 
connected with the normal pilot streamer process. It seems probable that they 
occur only because the current requirements of the spark leader cannot be met by 
the generator without a fall in potential so great as to stop the leader (Allibone, 
1948). 

13. The stepped-leader theory of Komelkov 

Komelkov (1950) has put forward an explanation of the step process in lightning 
which resembles that proposed here, in that the outer corona zone of the leader 
channel is considered to have a large radius (« 10 m) but differs from it in denying 
that the pilot streamer extends for any appreciable distance in front of the leader. 
The stoppage of the leader is attributed by Komelkov to a fall in its tip potential 
caused by the need to charge up a new section of the channel. This fall, which is 
considered to amount to 5% of its original potential, has to be made good by the 
flow of current from the cloud during the 50 /js pause. It has been shown in section 
2 that large current pulsations in excess of 16 000 A would be required by this 
theory, and that these are not observed. 







Note added 6 July 1953, Uao and Anderson (1953) have shown that impulsive 
spark breakdown in oil, between a negative point and an earthed plane, involvesa 
step leader process of the same nature as that found in the lightning discharge. They 
have been able to photograph a continuously moving pilot streamer in the intervals 
of each of a dozen steps. 

For the oil used, the value o( X in equation (1) of section 4 is 500 kV/cm and 
that of X A in equation (3) of section 7 is about 32 kV/cm. By combining equations 
(1) and (3) it is easily shown that r 2 /l 2 + r/l = 2X A /X, from which I/r = 9. Since, as 
indicated in section 7, the ratio of the observed step length to the radius of the 
streamer is about 25% greater than l/r, this second ratio should be 1 1 -3. The 
observed step length in oil is reported to vary from 0-25 to 1 -25 cm, and the value 
of r for the leader to be about 0045 cm, giving values for the ratio lying between 
5-5 and 28, with a mean of 17-3. 

Considering the uncertainties in some of these quantities, the agreement between 
calculated and observed values is satisfactory. It indicates that the simple theory 
derived to explain the step process covers values of from 20 m to a few millimetres. 

My thanks are due to Dr D. J. Malan for helpful discussions and to him and 
Mr N. D. Clarence as well as to Professor D. B. Hodges for permission to use some 
of their unpublished results. I wish also to thank Professor L. B. Loeb of the 
University of California, with whom I discussed an early draft of the ideas in this 
paper, for his encouragement, and Dr T. E. Allibone, F.R.S., for helpful advice on 
long-spark problems. 
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Introduction to Papers 24 and 25 
(Meyerand and Haught, 'Gas breakdown 
at optical frequencies'; 
Minck, 'Optical frequency electrical 
discharges in gases') 

The first report of gaseous breakdown by focussed high intensity laser radiation 
was that by Maker and his colleagues at the Third International Conference on 
Quantum Electronics in 1963. Between then and the time of the Fourth Conference 
(San Juan, Puerto Rico, 1965) at least fifteen other papers appeared in which the 
breakdown processes involved were discussed, and there were seven additional 
papers at the Fourth Conference itself. Interest in the subject has continued to 
increase in the past few years and a number of surveys and bibliographies have 
already been published (e.g. that by De Michelis, referenced below). 

It is appropriate in a collection of papers concerned with electrical breakdown to 
limit ourselves to considering the processes which occur between the laser flash and 
the attainment of an electron concentration of say 10 15 electrons per cubic 
centimetre, i.e. the initiation and growth stages of the discharge. There appear to 
have been for some years considerable differences of opinion concerning the break- 
down mechanisms involved but the general consensus of opinion now seems to 
favour, as the initiatory process, multiphoton photoionisation of the gas (or gasous 
impurities) followed by an avalanche growth of ionisation. The avalanche process 
is taken as involving the absorption of photons by electrons in free-free transitions 
(also called 'inverse bremsstralung absorption') and subsequent colhsional excitation 
and ionisation and perhaps, photo-ionisation (see the paper by A. V. Phelps 
mentioned below). The confusion in the literature over the merits of avalanche 
mechanisms based respectively on free-free absorption or on an extension of the 
theory of microwave breakdown to optical frequencies appears to have been 
resolved in 1965 when it was pointed out by Phelps that for photon energies, hu, 
much less than the energy of the electrons, the Boltzmann equation describing the 
absorption of finite photon energies reduces to the microwave limit of the Boltz- 
mann equation used to describe the process of microwave electrical breakdown. 
Similar points were made by P. F. Browne, and A. F. Haught, R. G. Meyerand, 

and D. C. Smith. 

The spatial and temporal growth of ionisation in the avalanche process are, of 
course, affected by loss mechanisms such as diffusion and recombination, and also 
by electron attachment in certain gases. A recent paper in which solutions of the 
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continuity equation appropriate to various experimental conditions are considered 
is that by Morgan et al. 

The two short papers reproduced here were among the very earliest on laser- 
induced electrical breakdown and describe some of the main features observed. 
They both invoke avalanche mechanisms to explain their observations and introduce 
ideas expanded by later workers. Other early papers which deserved inclusion and 
should be consulted are those by J. K. Wright, A. Gold and H. B. Bebb, B. A. Tozer, 
and L. V. Keldysh. 
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Gas breakdown at optical frequencies 

R. G. MEYERAND, JR., AND A. F. HAUGHT* 



A C-spoiled ruby-laser system capable of generating a giant pulse of optical energy 
with a peak power of the order of tens of megawatts has been used to study the 
interaction of extremely high-intensity optical-frequency electromagnetic radiation 
with gases. The laser, shown in Figure /.consists of a i-in. diameter, 6-in. long 
ruby rod pumped by four E. G. & G. FX-47 lamps, each lamp individually 
powered by a 1200-a<F capacitor bank. A polarizer-Kerr cell shutter was used 
to alter the Q of the laser cavity resulting in a single giant pulse of optical 
radiation from the laser. 1 The light emitted by the laser is incident on a lens which 
forms one window of a cell containing the test gas. At the focus of the lens, 
breakdown of the test gas by the focused laser beam is observed for suitable 
conditions of beam energy and gas pressure. 2 ' 3 
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Figure 1. ^-spoiled laser system. 



• Reproduced from Physical Review Letters. II, 401 , ( 1 963) by permission of The American 
Physical Society, New York. 
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The breakdown itself is evidenced by the appearance of a bright flash of light 
at the focus of the lens. The light is not simply scattered laser radiation, since it is 
readily seen through 'band-block' interference filters designed to exclude the 
6934 A ruby-laser output, and in addition, from photomultiplier and high-speed 
framing camera photographs, the breakdown luminosity lasts for a time of the 
order of 50 us compared with the 30-nsec duration of the exciting giant laser 

pulse. 

A pair of electrodes placed on either side of the focus point were used to 
establish that electrical breakdown, that is, the production of ion pairs, was 
indeed achieved. Neither the current wave form nor the total charge collected, 
about 10 13 electron charges, was affected by electrode potential differences from 
100 V to 200 V, the range of the power supply used. Photomultiplier records show 
that the laser pulse and the breakdown occur simultaneously within less than 50 
nsec, the time resolution of the dual-beam oscilloscope. 

To compare the phenomena observed here with existing theories of electrical 
breakdown in gases, measurements have been made of the optical-frequency 
electrical field required for breakdown as a function of pressure for a number of 
gases. The electric field strength at the point of breakdown was determined from 
calorimetric measurements of the energy in the giant optical pulse, the time duration 
of the pulse as determined by photomultiplier records, and the focus diameter. 
For a typical case, the energy of the giant pulse was one joule and its duration 
30 nsec, giving a peak power of 30 megawatts. The diameter of the focus point, 
determined by a series of measurements of the hole size produced in 5 x 10" -cm 
thick gold foil, was 2 x 10" 2 cm resulting in a peak power density of about 
10 IS W/m 2 . This focus diameter was confirmed by calculations of the demagnifi- 
cation ratio of the optics using the measured laser-beam divergence. Both of these 
techniques give an optical-frequency electric field strength of approximately 
10 7 V/cm at the focus. 

The field strength necessary to produce breakdown in argon and helium is shown 
in Figure 2 as a function of gas pressure. In each case the breakdown threshold is 
observed to decrease with increasing pressure, levelling off at the higher pressures. 
The field strengths required for breakdown in argon and helium are less than 
10 7 V/cm, or 01 V across the dimensions of an atom. It should be noted that 
this field strength is less by two orders of magnitude than that required for a direct 
electric field stripping of an electron from an atom. 

Similarly, since the laser photon energy is approximately 1-7 eV and gases with 
an ionization potential as high as 24 V (helium) have been successfully ionized 
by the laser beam, direct single-step photoionization is not possible. Successive 
photon absorption could conceivably produce the ionization. However, to reach 
even the lowest lying levels of argon and helium would require, respectively, 7 and 
12 successive absorptions. Assuming even a 1 0% probability for each absorption 
step, this would imply a 10 s ratio between the field strengths required for breakdown 
in argon and helium. The experimentally observed ratio is only 1 -7, indicating that 
multiple photon absorption is not responsible for the breakdown. 
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Figure 2. Breakdown field strength as a function of pressure. 



The curves of Figure 2 are threshold curves, that is, for values of pressure and 
field strength which lie below the curve for a given gas, no ionization is observed 
in that gas, while at a slightly higher pressure or field strength above the curve, 
breakdown results and a very large degree of ionization is produced. This abrupt 
change implies some form of cascade process with a critical level of energy input 
required to sustain the process, a condition not predicted by the photon-atom 
processes considered above. 

Cascade theories have been developed for gas breakdown at microwave 
frequencies. 4 The theories predict an energy input to the electrons from the 
oscillating electromagnetic field through the mechanism of electron-atom collisions 
which convert the ordered oscillatory motion of the electrons in the field to 
random motion. The electrons gain random energy on each collision until they are 
able to make ionizing collisions with gas atoms leading to succeeding generations of 
electrons. These theories, however, cannot be applied to explain the breakdown at 
optical frequencies, since important differences exist between the two cases. In the 
microwave case, the maximum kinetic energy in the ordered oscillatory motion of 
the electron in the electromagnetic field corresponds to a kinetic energy of the 
order of 1 0~ 3 eV, while typical microwave photon energies are of the order of 
10" 5 to 10~ 6 eV. Thus, an electron oscillating in the electromagnetic field must 
absorb and emit many microwave quanta of energy every cycle, and its motion 
may be considered to be classical. In the optical case, for the field strengths used 
in these experiments, the oscillatory energy of the electron is classically also of 
the order of 10" 3 eV, but the photon energy for a ruby laser is 1 -7 eV. The 
classical oscillatory energy of the electron is thus small compared with the photon 



energy, and one might expect that the motion of the electron and its subsequent 
interaction with atoms and the radiation field is governed by quantum effects. In 
fact, from the uncertainty principle the energy of the electron during any one 
cycle of the oscillating electromagnetic field cannot be determined to better than 
M > hv, and therefore, it is not meaningful to discuss an electron oscillation 
energy of 10" 3 eV in a 1 -7-eV photon field. 

Even assuming that the electron behaves classically in an optical-frequency 
field, not enough energy is given to the electrons to account for the ionization 
observed. At a helium pressure of 1500 mm Hg and an optical field strength at 
which breakdown occurs, microwave breakdown theory predicts that an average 
electron would gain only 190 eV of energy during the optical pulse. Thus assuming 
30 eV are required to produce an ion pair, the ionization produced during the pulse 
would be many orders of magnitude below the experimentally observed value of 
10 13 ion pairs, determined by the charge collection experiments. 

In the classical theories for breakdown at microwave frequencies, an electron 
can receive at most only the 10" 3 eV of ordered oscillatory energy from the 
electric field in an electron-atom collision. However, at optical frequencies the 
absorption can become a quantum-dominated process, and the possibility exists 
that a large fraction of the photon energy can be transferred to an electron during 
a collision. The process of bremsstrahlung, photon radiation from electrons during 
an interaction with an atom or ion, is well known. The reverse process may also 
occur in which an electron gains energy by absorbing either the entire photon or 
some significant fraction of its energy during a collision with an atom. s It is felt 
that a process of this inverse bremsstrahlung type is the mechanism responsible for 
the breakdown at optical frequencies. 

The authors would like to express their appreciation to Professor S. C. Brown 
of the Massachusetts Institute of Technology, Cambridge, Massachusetts for many 
helpful discussions and comments during the course of this work. 
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Optical frequency electrical discharges 
in gases 

r. w. MINCK* 



By focusing the output beam of a giant-pulse laser, electrical discharge phenomena 
have been observed in air. 1 The purpose of this communication is to present data 
on breakdown for various gases and to show that the behaviour can be predicted by 
an extension of microwave frequency discharge theory. As with other sparks, a 
brilhant flash is seen and a sharp sound is heard. The spark is presumably 
initiated at the focus but quickly grows to a volume several mm in length and 
1 mm in diameter. The results of this work indicate that the maximum cw power 
density that can be transmitted through the air is 7 x 10 u W/cm 2 at all pressures 
for which the electron mean free path is small compared to the beam diameter. 

Triangular shaped pulses with 25-nsec half-widths and peak powers of 3 to 
5 MW were produced by a g-spoiled ruby laser employing a rotating prism. The 
parallel beam after passing through the flat window of a pressure cell was focused 
by a 2-cm focal length lens. The stainless steel cell was designed for 1 00 atm with 
glass entrance and exit windows and a side port with a quartz window through 
which the discharge was viewed. Spectra were obtained by focusing the light from 
the side port on the entrance slit of a 2-m Uttrow spectrograph and recording on 
Kodak 103F plates. 

The pressure dependence of threshold for several gases is summarized in 
Figure 1, which demonstrates that the threshold decreases with increasing pressures 
for all the gases. Threshold is defined as that power level at which a visible spark 
was obtained. The actual threshold appeared to be very sharp as no weak sparks 
were observed. The uncertainty in the data is probably due to the variation of the 
fields at the focus associated with different spatial characteristics of each laser pulse. 

The pressure dependences of the rare gases are notably different from those for 
the diatomic gases. The much steeper slopes lead to exceptionally low power 
levels for breakdown at high pressures. The sharp break in slope exhibited by 
helium near 30 atm leads to a threshold nearly independent of pressure. 

* Reproduced from Journal of Applied Physics, 35, 252, (1 964) by permission of The 
Institute of Physics and The Physical Society, London. 
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Figure I. Pressure dependence of threshold power levels for 
discharge in various gases. 

Emission spectra are shown in Figure 2 for nitrogen and helium. Lines 
characteristic of singly ionized molecules and atoms are seen, but no lines 
corresponding to a second ionization have yet been observed. The line broademng 
could be due to electron-atom collisions. When the initial pressure was increased 
to 15 atm or higher, only a continuum was observed. The time dependence of the 
emission from the spark in air was observed with a photomultiplier. An initial peak 
with a shape closely resembling the laser pulse shape contained about half the total 
spark energy. It was followed by an afterglow decaying in about 150 nsec. 

The theory for discharge at microwave frequencies 2 - 3 has been extrapolated to 
the optical frequency range and applied to nitrogen. Ionization is produced by 
those electrons which have acquired a kinetic energy exceeding the ionization 
potential. Because of the high frequency, the peak kinetic energy achieved by an 
electron during a cycle is only a small fraction of an eV. Higher energies can be 
achieved if a collision reduces the electron velocity in the direction of the field 
about the time when the field reverses direction. The problem has been analyzed in 
terms of random walk probabilities to yield a distribution of electron energies. To 
achieve breakdown, the ionization rate must exceed electron losses from diffusion 
and attachment by an amount sufficient to allow buildup during the duration of 
the pulse. 
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Figure 2. Emission spectra from laser-excited discharges in the 
5000- to 4000-A region for N, al i aim (top), N, at 15 atm 
(middle), and He at I atm (bottom). 




In Figure 3 the experimental data are compared with the predicted behaviour for 
both an ideal focus and a focus degraded by lens aberration and laser characteristics. 
If attachment were the only electron loss mechanism, the short pulse duration 
would slightly modify the threshold. However, for the dimensions of an optical 
focus, the dominant loss is by diffusion, making the quality of focus very important 
in determining the threshold level. The calculated curves in Figure 3 are limited by 
diffusion at low pressures and by collision frequency at high pressures. The break 
in the slope for helium is thought to be due to the short pulse lime. 

Further investigation is required in the high pressure region because to achieve 
electron collision frequency greater than optical frequency, the density of the gas 
must be nearly that of a liquid. The approximations in the theory for gas break- 
down become very suspect under these conditions. It has been observed that 
liquids and solids break down at power levels comparable to those required for 
gases near 100 aim. 

At optical frequencies another ionization mechanism exists. The probability is 
quite high for double and triple quantum absorption from the first excited level of 
the molecule to higher excited levels making it unnecessary for the electron to 
achieve ionization energy but only enough energy to produce the first excitation. 
Once the molecule is excited, the intense optical frequency electrical fields can 
then complete the ionization. The close agreement of the microwave theory is taken 
as indication that such multiple photon absorption processes are not important for 
nitrogen. 
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Figure 3. Comparison of calculated threshold in air for 
theoretical focal diameter and a probable focal diameter with 
observed data for N, . 
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